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Development and Assessment of Artificial Manduca sexta 
Forewings: How Wing Structure Affects Performance  
Abstract 
by 
SIMONE COLETTE MICHAELS 
 
This research presents novel fabrication and testing techniques for artificial insect 
wings. A series of static and dynamic assessments are designed which allow consistent 
comparison of small, flexible wings in terms of structure and performance. Locally 
harvested hawk moths are tested and compared to engineered wings. Data from these 
experiments shows that the implemented replication method results in artificial wings with 
comparable properties to that of M. sexta. Flexural stiffness (EI) data shows a considerable 
difference between the left and right M. sexta wings. Furthermore, EI values on the ventral 
wing side are found to be consistently higher than the dorsal side. Based on dynamic 
results, variations in venation structure have the largest impact on lift generation. Lift tests 
on individual wings and wing sets indicate detrimental effects as a result of wing-wake 
interaction. 
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Chapter 1 - Introduction 
1.1 Introduction to Micro Air Vehicles 
The term Micro Air Vehicle (MAV) was first established by the Defense 
Advanced Research Project Agency (DARPA) in 1995 when the agency created a 
program with the intent to develop small-scale, maneuverable planes (Ammoo & 
Dahalan, 2006). According to DARPA, an MAV pertains to an unmanned air vehicle in 
which no dimension is greater than 15 centimeters (approximately 6 inches)(McMichael 
& Francis, 1997). In general, an MAV with these dimensions can weigh as little as 50 
grams and have a flight time ranging from 20 to 60 minutes. Due to their size and weight, 
MAVs have a number of distinct advantages over larger aircraft, including the fact that 
their materials can be selected such that the MAV is robust and/or disposable (Norris, 
Palazotto, & Cobb, 2010). Their short wingspan and short length translate to smaller 
moments of inertia about the principal axes so that they can rapidly roll and pitch with 
relatively small control surfaces. This results in an extremely agile aircraft, but makes 
stability and control more difficult. Additionally, having “micro-sized” dimensions with a 
minimal aerial footprint means that the aircraft is harder to detect visually and thus useful 
for surveillance purposes. With the latest advancements in technology, the components of 
MAVs are inexpensive and readily available and, as a result, ready-to-fly MAVs are 
prominent in civilian and military applications. 
The main military applications envisioned for MAVs are surveillance and 
reconnaissance. These uses are particularly intriguing given that MAVs can maintain 
flight indoors and be designed to hover. In fact, indoor flight is arguably the ideal setting 
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for an MAV because the vehicle is not exposed to the dangers of an outside environment 
such as rain or wind gusts. In combat situations, MAVs could be used for short-range 
communication or essential supply delivery of medicine or ammo.  The inconspicuous 
nature of an MAV allows it to easily scout for enemies in combat situations and evaluate 
damage from battle (“Miniature Aerial Vehicle Research,” 2005). They can also 
potentially be used as small-scale weapons, perhaps even for biological warfare. 
There is also a diverse spectrum of civilian MAV applications. Surveillance of 
atmospheric conditions is useful for meteorology purposes, and aerial camera views 
allow for easy terrain mapping or monitoring of farmland (Thielicke, 2014). The small 
and highly maneuverable MAVs are particularly useful in search and rescue operations 
where the environment could be too dangerous or obstructed for a human or terrestrial 
robot to navigate. For instance, an aerial view of rooftops would help rescuers find 
survivors after the event of a massive flood or hurricane. Even more recent has been the 
use of MAVs for entertainment purposes such as photography for a wedding, 
videography for a concert, or simply recreational flying. 
As MAVs continue to be researched and developed, innovations occur in their 
propulsion systems, control surfaces, fuselages, and sensors. These innovations have led 
to a variety of different types of MAVs. Thielicke categorizes MAVs into four distinct 
categories: rotary, fixed, flapping, and hybrid (Thielicke, 2014). The main difference 
between these categories is the lift generation process. A rotary UAV is a highly 
maneuverable vehicle that produces lift in the vertical direction by spinning any number 
of propellers oriented horizontally. A pressure differential is created when a fixed-wing 
UAV flies through the air. This difference in pressure is responsible for the lift necessary 
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to fly and can be controlled through wing design. The motion of flapping-wing micro air 
vehicles (FWMAVs) allows their wings to not only generate lift and thrust, but direct 
these flight forces such that movement is in a controlled direction. Hybrid UAVs are any 
combination of the first three categories. The following are examples of these different 
types of MAVs. 
1.1.1 Fixed-Wing MAV: Black Widow 
AeroVironment’s Black Widow (Figure 1) is one of the most recognized fixed-
wing MAVs in the field. It was developed in the 1990’s upon the inception of DARPA’s 
MAV effort and continues to be optimized for potential missions. The Black Widow 
features an autopilot system with a 6-inch wingspan, maximum flight velocity of 30 miles 
per hour, and maximum flight time of 30 minutes (Grasmeyer & Keennon, 2001). 
 
1.1.2 Flapping-Wing MAV: DelFly 
In 2005, Delft University of Technology in the Netherlands was determined to 
utilize the advantages of flapping flight to create an airborne camera platform and took 
Figure 1: AeroVironment’s Black Widow Fixed-Wing MAV 
(Grasmeyer & Keennon, 2001) 
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the first steps toward the creation of the widely-known DelFly FWMAV (Croon, Clercq, 
Ruijsink, & Remes, 2009). In subsequent years, strides taken to improve the design 
resulted in record-breaking versions of the vehicle. DelFly II, with a 28 centimeter 
wingspan, was developed in 2007, weighing in at only 16 grams (MavLab, n.d.). This 
vehicle has a maximum flight time of up to 15 minutes and possesses backward flight and 
hovering capabilities. The follow-up version, DelFly Micro, is smaller (10 centimeter 
wingspan) and lighter (3.07 grams) than its predecessors. DelFly Micro became the 
“smallest camera equipped aircraft in the world” according to the 2009 Guinness Book of 
World Records (Glenday, 2009). Upon its creation in 2013, the latest design, DelFly 
Explorer, became the first FWMAV capable of fully autonomous flight (MavLab, n.d.). 
DelFly I, DelFly II, and DelFly Micro can be seen in Figure 2. 
 
1.1.3 Rotary-Wing MAV: GLMAV 
In 2011, a rotary-wing MAV was developed in response to a need for a fast-
moving vehicle with the ability to efficiently navigate an urban environment. The Gun 
Launched Micro Air Vehicle (GLMAV) can be seen in Figure 3. It is designed to be 
projectile-launched into the air and becomes operational as a rotorcraft at the apex of its 
Figure 2: DelFly I and DelFly II (Left); DelFly Micro (Right) (MavLab, n.d.) 
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trajectory utilizing a cyclic swash-plate and two-bladed coaxial contra-rotating rotors 
(Koehl, Rafaralahy, Boutayeb, & Martinez, 2012). 
 
1.1.4 Hybrid MAV 
Vehicles with dual flight modes are becoming increasingly popular due to their 
increased agility, maneuverability, and collision avoidance. These types of aircraft can 
even be seen on the larger scale, such as the V-22 Osprey tilt-rotor aircraft. Similarly, 
Drexel University decided to take advantage of this hybrid approach on a micro level by 
creating an MAV that combined a highly-maneuverable rotorcraft with a high-endurance 
fixed-wing aircraft (Green & Oh, 2009). This Hybrid MAV (shown in Figure 4) is 
capable of smoothly switching from flight mode to hovering mode and is shown to 
operate successfully in urban environments. 
Figure 3: GLMAV Rotary-Wing MAV 
(Koehl et al., 2012) 
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While these examples prove to be successful in particular areas of MAV flight, 
there are additional areas of flight performance that have yet to be achieved. In particular, 
modern MAVs lack the maneuverability to instantaneously change flight direction in 
succession while maintaining a passively compliant structure that is resistant to 
environmental forces. To produce a vehicle of this nature, it is useful to draw from new 
sources of inspiration. 
1.2 Drawing Inspiration from Biology 
Developments in technology allow humans to perform tasks never originally 
thought possible: travelling from one side of a country to another in a matter of hours, 
learning new information with the click of a button, or being able to have a conversation 
with someone halfway around the world. Civilization has come a long way, but there are 
still tasks that are arduous, or even impossible, to perform, such as traversing difficult 
terrain or gathering data in aqueous environments. To solve these “human” problems, it is 
Figure 4: Drexel University’s Hybrid MAV; close-up of wing-tip motor used 
for hovering (bottom right) (Green & Oh, 2009) 
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often useful to look to nature for a model and attempt to recreate structures and systems 
found in biological creatures. Because the predator-prey model is the foundation of our 
biological ecosystem, animals have adapted to endure and flourish by genetically 
retaining characteristics that increase chances of survival. Engineers take advantage of 
these millennia of evolution by applying animal-like attributes to increase the efficiency, 
functionality, and durability of robots and machines.  
For instance, traversing sandy terrain is a feat many modern vehicles are not 
equipped to handle, yet roughly 33% of the Earth’s land surface is comprised of desert 
(L. Miller, 2015). The first researchers to approach this problem were Dunker, Lewinger, 
Hunt, and Quinn, who worked together to utilize an animal’s ability to both walk and 
climb over obstacles to create Lunar Whegs™ for in-situ resource utilization on the moon 
(Dunker, Lewinger, Hunt, & Quinn, 2009). This robot, seen in Figure 5, has concave feet 
with open compartments on the end of its wheel spokes, which prevent sinking. The 
ability of Lunar Whegs™ to perform on sand also lends itself to functioning in 
environments with snow or rubble. 
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An exceptional advantage of biomimicry is the ability to design hybrid robots that 
can navigate more than one type of terrain. The majority of vehicles are restricted for use 
in one specific environment, such as cars, boats or planes. However, amphibious robots 
can be designed to execute missions both on land and in water. Modeled after sea-snakes 
and lamprey fish, AmphiBot (Figure 6) was created in the EPFL BioRob Laboratory to 
do just that. A central pattern generator (CPG) is used to send oscillating waves through a 
series of independent linkages, enabling AmphiBot’s capability to swim, crawl, and 
easily transition from land to sea (Crespi, Badertscher, Guignard, & Ijspeert, 2005). 
 
Figure 5: Lunar Whegs™ with wheel-legs designed for distributing support loads and 
increasing traction on loose substrates (Dunker et al., 2009) 
Figure 6: AmphiBot II swimming (above); AmphiBot II crawling (below) (Crespi et al., 2005) 
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Conversely, BioRobots, LLC, Case Western Reserve University, and the 
University of Florida worked in conjunction to develop the Morphing Micro Air-Land 
Vehicle (MMALV), which is capable of both aerial and terrestrial motion (Bachmann et 
al., 2005). Like a bird or insect, the MMALV (see Figure 7) has the ability to fly, land, 
retract its wings for greater maneuverability, and walk around to explore its environment 
(Boria et al., 2005). To move on the ground, the MMALV utilizes WhegsTM technology - 
a tripod gait mechanism that allows the robot to navigate both smooth and rough terrain 
(Quinn et al., 2001). The resultant stealth and mobility of the MMALV make it 
particularly useful for search and rescue missions and military combat operations. 
 
These robots display just a few of the many successful implementations of 
biological principles in engineering. While researchers draw conclusions from biological 
specimens and implement these characteristics in engineering, some situations occur 
where the produced robot exhibits biological traits without this being the original intent, 
Figure 7: An MMALV retracting its wings, navigating through a small entrance 
and deploying its wings (Bachmann et al., 2005) 
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causing the device to be bio-justified instead of bio-mimicked. It is arguably imperative 
to use nature as a model to achieve high flight performance goals given the wide range of 
applications and desire for advanced MAVs. 
1.2.1 Biological Models of Aerial Locomotion 
As seen in Figure 8, there are three main categories of natural aerial locomotion 
that have the ability to propel and sustain flight: birds, insects, and bats (and a fourth 
category consisting of creatures that glide and parachute). All three of these classes 
utilize flapping motion, but particularly unique flight kinematics distinguish insects from 
their aerial counterparts (Ansari, Zbikowski, & Knowles, 2006). The use of unsteady 
aerodynamics in combination with a flexible wing membrane make insects highly 
efficient flyers (Combes, 2010). This causes power requirements to be relatively low, 
which is a significant FWMAV design restraint seeing as small-scale vehicles have a low 
payload weight limit. Insects can be highly maneuverable - some can fly forwards, 
backwards, and sideways. Unlike most birds and bats, they can also hover and are 
capable of vertical take-off and landing (VTOL). Given that the features of insect flight 
bridge the gap between current technology and the desired MAV performance 
characteristics, it makes sense to use insects as models for aerial platforms (Norris et al., 
2010). While this narrows the scope, there are over 1 million different species of insects 
on Earth (Triplehorn & Johnson, 2005). The selection of the moth, Manduca sexta, as a 
model has numerous advantages and is discussed in section 2.1. 
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1.3 Introduction to Work 
1.3.1 Significance of the Wings 
When comparing the three main categories of biological aerial locomotion, the 
most significant differentiating factor is wing structure. The wing of a bird is semi-rigid, 
composed of feathers, muscles, bones, and joints. Their wing anatomy allows them to 
actively produce lift and change wing shape in flight, affording them the ability to both 
soar and flap (Ansari et al., 2006). Bats are also able to alter their wing shape in flight as 
a result of their highly-articulated wing structure, placing them at the top of the animal 
hierarchy when it comes to efficiency (Swartz, Iriarte-diaz, & Riskin, 2007). Unlike 
birds, bats have a flexible membrane between their joints that can curve and stretch to 
Figure 8: Categorization of engineered and biological aerial locomotion 
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create greater lift using less energy. Bats are also capable of hovering, flying sideways, 
and backwards. Although they are highly efficient flyers, the complex active control and 
structural intricacy of bat wings hinder their appeal as potential FWMAV models, 
particularly for dynamic indoor flight. Insects, on the other hand, can fly in all directions 
and yet their wings are much less complex than that of a bird or bat. An insect’s wing is 
entirely passive. It has no feathers, muscles, bones, or joints. Insect wings are simply 
comprised of a venation structure embedded in an elastic membrane (Combes, 2010). 
Observing the differences among various insect species, there is a clear correlation 
between wing morphology and flight capabilities of the biological specimen. It has been 
shown that one of the most important aspects of an insect’s ability to fly comes from the 
structure of its wings (Combes & Daniel, 2003c; Charles P. Ellington, Berg, Willmott, & 
Thomas, 1996; Nakata & Liu, 2012). Therefore, mimicking the structural and material 
properties of an insect wing is crucial to the creation of a successful insect-based 
FWMAV.  
1.3.2 Mimicking Manduca sexta Wings 
Manduca sexta are one of the most widely studied insects both in entomology and 
bio-inspired engineering. Numerous attempts have been made to replicate an M. sexta 
wing, both in hardware and software, as a means to better understand its flight properties 
and apply them to next-generation technology. A wide range of materials have been 
utilized and combined in an effort to recreate the important properties of the wing, as 
have several iterations of finite element analysis (FEA) models (DeLeón, 2011)(Combes 
& Daniel, 2003b). Through careful observation and dissection of previous work, the most 
noteworthy structural characteristics that affect insect wing behavior and flight 
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performance are suggested to be size, mass, flexural stiffness, and camber (O’Hara, 
2011). Attempting to address these features and their importance as design criteria 
through hardware replication may be the best approach in this situation since the wing is 
a composite structure and is not easily replicated through software. Furthermore, using 
hardware as the primary approach to wing mimicry eliminates redundant steps, seeing as 
all of the aforementioned characteristics are reliably measured in the lab, allowing for 
more rapid implementation on real FWMAVs. 
This work builds upon the most current research on wing biomimicry to create 
consistent and reliable imitations and variations of M. sexta wings. These wings will be 
comprised of a carbon fiber-based venation structure used in combination with 
membranes of varying properties to confirm the legitimacy of the designed testing 
procedures.  
1.3.3 Assessing Artificial Wings 
A thoroughly designed assessment is necessary to compare properties and 
quantify flight performance of artificial and real insect wings. This work utilizes static 
and dynamic testing to explore the integrity of the wings and characterize flapping 
behavior. These procedures also help to determine the most significant aspects of insect-
based wing design, given that current research only guesses at the hierarchy of 
performance and design metrics. The process provides a reliable and repeatable method 
that can be applied to any small-scale flapping wing, real or artificial. This work 
establishes the standards necessary for an iterative design process to take place in which 
artificial wings can progress for FWMAV applications. 
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1.3.4 Research Objectives 
The purpose of this work is to design reliable testing procedures that create a 
standard for the construction of artificial insect-based wings as applied to FWMAVs. 
Furthermore, this research validates this assessment process through an iteration of M. 
sexta wing biomimicry. The following list outlines the research goals of this work: 
 Identify appropriate criteria, such as wing mass, dimension, camber, and 
flexural stiffness, within which to compare the structure of artificial 
insect-based wings. 
 Create artificial wings with properties similar to M. sexta to produce 
comparable flight behavior in FWMAVs. 
 Design a set of experiments for determining the material properties of 
engineered FWMAV wings through static assessment based on static 
criteria. 
 Design a set of experiments for the dynamic assessment of FWMAV 
wings that recreate large-scale in-flight wing deformations based on 
dynamic criteria. 
 Determine the level of importance of various structural wing parameters 
and their roles in successfully mimicking an insect wing for FWMAV 
applications. 
1.4 Document Outline 
Chapter 1 serves as an introduction to the proposed work. It discusses the wide 
range of uses for MAVs, particularly FWMAVs, and explains the role of bioinspiration 
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when designing such vehicles. A set of objectives is presented to orient the reader to the 
focus of the research. 
In Chapter 2, an in-depth observation of the flight properties and structural 
mechanics of M. sexta is described. A thorough literature review of artificial wing design 
and assessment is conducted. Chapter 3 builds upon previous work, explaining the design 
criteria and justification of the engineered M. sexta wings. Additionally, the static and 
dynamic testing procedures for FWMAV wing assessment are defined.  
Chapter 4 presents the acquired test data and analyzes the performance of M. 
sexta and artificial wing sets. Chapter 5 discusses the efficacy of the assessment 
procedures and fabrication techniques developed for this paper. 
Conclusions are provided in Chapter 6. Finally, Chapter 7 briefly discusses the 
steps that need to be taken to improve data acquisition, more closely mimic the properties 
of M. sexta forewings, and ultimately apply this work to future FWMAV development. 
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Chapter 2 - Background & Previous Work 
2.1 Manduca sexta 
2.1.1 General Information 
Indigenous to the North American continent, M. sexta is a type of moth that is 
part of the Sphingidae family. Also known as hawk moths and sphinx moths, members of 
the Sphingidae family are well-known for their flying abilities. They have an incredible 
ability to hover while simultaneously feeding from the nectar of flowers and are capable 
of rapidly moving side-to-side while hovering (a maneuver thought to be developed for 
predator evasion). It is estimated that M. sexta can achieve flight speeds of up to 7 to 10 
m/s (Stevenson, Corbo, Baca, & Le, 1995). 
Manduca sexta begin their life cycle as eggs approximately 1.5 mm in diameter 
located on the upper and lower surface of foliage. In two to eight days, they mature into 
larva and proceed through 5 or 6 instars. In this phase, they are commonly referred to as 
the tobacco hornworm as they feed on tobacco plants and have a distinct “horn-like” 
structure located on the dorsal side of their last abdominal segment (refer to Figure 9).  
After an average of 20 days, they burrow 10 to 15 cm into the ground and develop a 
pupal cell. Finally, they mature into their adult stage with a wing span of about 10 cm. 
The completed life cycle of the animal can be anywhere between 30 to 50 days 
(Villanueva, 1998). On average, an adult M. sexta has a mass of around 1.55 ± 0.5 g  
(O’Hara & Palazotto, 2012). However, this varies significantly per animal and is 
dependent upon the animal’s gender with females being larger and heavier than their 
male counterparts- primarily because they emerge with a full set of eggs. 
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2.1.2 Role as a Biomimetic Inspiration 
Manduca sexta is a species commonly used in neurobiology and biological 
modelling for a number of reasons (Norris et al., 2010). Due to the considerable amount 
of existing research and data on this specimen, it is relatively well-known and 
understood. One of the biggest forms of Lepidoptera, M. sexta are easy to observe and 
manipulate in a laboratory setting. Their large size also means that the nervous system is 
easily accessible, allowing researchers to sense when specific muscles are being activated 
by the moth. Furthermore, M. sexta are much more easily reared for research than most 
other insects, partly due to their short life cycle (30 to 50 days) (Norris et al., 2010). 
Unlike many specimen, these moths are able to be fed a relatively inexpensive artificial 
diet. Aside from the water and protein content, the diet does not have to be precise, 
Figure 9: M. sexta in its larvae (upper left), pupae (upper right), and adult (bottom) 
stages 
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eliminating some of the time and expenses often impeding biological research (Ojeda-
Avila, Woods, & Raguso, 2003).  
As discussed in section 2.1.1, the flight performance characteristics of hawk 
moths are unique. They are capable of rapid flight maneuvers in succession and long-
term steady hovering, both of which are essential for a dynamic indoor FWMAV. It has 
been shown that a wide variety of M. sexta wings exhibit similar flight behaviors, 
potentially indicating that imperfections in the wing caused by environmental damage are 
not catastrophic to the wing’s performance (DeLeón, 2011). Simply put, the M. sexta is 
considered to be very robust. Unlike many other commonly researched specimen such as 
flies and butterflies, numerous tests on this moth exhibit consistent wing beat frequencies 
and flight performance, making them a good baseline for validating the wing assessment 
procedure (Willmott & Ellington, 1997b).  
One of the most intriguing aspects of M. sexta flight, and Lepidoptera flight in 
general, is that only the forewings are needed to fly. Jantzen and Eisner have shown that 
moths are able to sustain flight in the absence of hind wings, implying that hawk moth 
flight is anteromotoric despite all four wings being mechanically coupled (Jantzen & 
Eisner, 2008). Without the hind wings, however, M. sexta lose their characteristically 
rapid and agile maneuverability. This implies that the purpose of hind wings in 
Lepidoptera may be for mechanosensory input, much like the role of halteres in diptera 
(Hinterwirth & Daniel, 2010). Therefore, the structural design of FWMAV wings based 
on M. sexta is simplified, and drawbacks due to the removal of the hind wings must be 
compensated for through sensory and control systems. 
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2.1.3 Wing Structure 
An insect’s aerial abilities are directly attributed to its respective wing 
morphology. Therefore, it is imperative to understand the intricacies of the wing since its 
structure is vital to an insect’s resulting performance. The interaction of an insect wing 
with its surroundings and multifaceted architecture combine to exhibit what appears to be 
a complex system to represent. However, the behavior of these wings can be generalized 
to concepts that are already fully understood. Wootton compares insect wings to three 
different engineering models that describe their general form and function: levers, 
oscillating airfoils, and cantilevered beams. The wing acts as a lever, transmitting the 
potential energy stored in the insect to create flight forces. As the wing accelerates the 
surrounding air to provide momentum, it can be considered an oscillating airfoil. Finally, 
the elastic response (deformation and bending) of the wing to aerodynamic forces is 
characteristic of a cantilever beam model (Wootton, 1992).  
There are several inherent features of insect wings that can be used for 
categorization purposes including, but not limited to, mass, density, flexural stiffness, 
camber, wingspan, planform area, and chord length. However, researchers often simply 
define the wing using camber and flexural stiffness. Camber is a representation of the 
curvature of the wing along its chord length. Upon attempting to conduct a structural 
analysis of M. sexta wings through FEA, Sims was surprised to discover that camber 
appeared to have the biggest influence on natural frequency production (DeLeón, 2011; 
Sims, Palazotto, & Norris, 2010). Despite the fact that Sims did not exactly replicate the 
wing camber of the specimen for his research, the fact remains that camber increases 
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small wing efficiency for low Reynolds number operations, further supporting this 
characteristic as a defining feature (Raymer, 2006).  
Passive bending of an insect wing, both in the spanwise and chordwise directions, 
is also arguably one of the most important features that contribute to its maneuverability. 
Because flexural stiffness (EI) is a combination of the physical dimensions and material 
properties of the wing, it can be used to represent the relationship between wing 
flexibility and venation structure (Combes & Daniel, 2003a). Combes found that across 
16 different insect species, the flexural stiffness of an insect wing was highly dependent 
upon all dimensions associated with the wing. In particular, the chordwise flexural 
stiffness strongly correlated with the chord length, and the spanwise flexural stiffness 
strongly correlated with the wingspan. These relationships can be seen in Figure 10. 
 
In general, insect wings are cuticle-based composite materials consisting of a 
venation structure with an embedded elastic membrane that is often covered in a variety 
of surface structures such as scales, proprioceptive sensilla, and spines. Actuation for 
flight is executed at the wing root linked to the thorax, causing the wing to only 
Figure 10: Relationships between flexural stiffness and characteristic lengths (Combes & Daniel, 2003a) 
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contribute roughly 1% of the total body mass. The hinge that connects the base of the 
wing to the thorax is called the axilla and is consistently located between the first and 
fourth axillary sclerites (exoskeleton plates). Studies have shown that insects are able to 
control the stroke plane angle through manipulation of the axilla, affording them their 
ability to fly forward and backward (Ansari et al., 2006; Wootton, 1992). 
The membrane of the wing serves as the flexible airfoil of the insect responsible 
for directing airflow and creating momentum. Much of the characteristic maneuverability 
of an insect can be attributed to the compliance of this membrane, allowing the wing to 
passively alter its camber during flight. This adaptability is particularly important for 
hovering, where the wing experiences an almost complete camber reversal (Dudley, 
2000). Embedded within the membrane are bands of particularly flexible cuticle known 
as flexion or fold lines. These lines can be equated to hinges that allow the wing to bend 
in a desired direction while preventing bending in another (Combes, 2010). Thickness of 
an insect membrane can range from 0.5 to 1,000 µm, and the Modulus of Elasticity of the 
chitin and protein-based cuticles vary from 1 kPa to 20 GPa (Combes, 2010; Wootton, 
1992). Not only do these values differ among species, but they vary within each 
individual wing, indicating a change in material properties throughout the structure.  
The wing’s venation structure provides physical boundaries for the three-
dimensional membrane deformation and regulates the overall wing shape (Dudley, 2000). 
Similar to membrane thickness, vein diameter tapers from base to tip. Wootton claims 
this reduction in thickness is vital to insect flight for three specific reasons. The most 
obvious function of this characteristic is the reduction of bending moment along the 
length of the wing, assuring vital support where stress from aerodynamic loads is 
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concentrated. Secondly, the resulting reduction in moment of inertia decreases generated 
stresses and power requirements for flight. Lastly, Wootton points out that, since the 
wing is thinnest at the tip, the structure is less susceptible to outside forces and physical 
collisions (Wootton, 1992). The cuticular tubing of the veins not only serve as physical 
support structures - they are also channels for oxygen, sensory information, and 
hemolymph (the arthropod equivalent of blood) (Wootton, 1992). Furthermore, research 
has shown that vein spacing is optimal for mitigating wing fracture. In addition, a wing’s 
rigidity increases by 50% due to the presence of cross-veins (Dirks & Taylor, 2012). 
Venation patterns vary widely among species, and research has yet to determine 
whether the difference in patterns is a means of obtaining specific mechanical properties 
for each individual species, if it serves another purpose entirely, or is random (Combes & 
Daniel, 2003a). Regardless, entomologists are able to identify species of insects based on 
the venation structure alone (see Figure 11). The venation pattern of the M. sexta 
forewing, the subject of this work, can be seen towards the bottom of Figure 11 in the 
order Lepidoptera. 
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 O’Hara and Palazotto performed an extensive study on M. sexta morphology to 
provide a basis for the replication of these wings in simulation and hardware. Analyzing 
the images of 24 M. sexta specimen, they determined the average forewing area to be 
roughly 715 mm2. The length of the wing varies from 45-55 mm and the aspect ratio 
ranges from 14.0-15.0. Additionally, based off the forewing planform, the area centroid is 
Figure 11: Venation patterns of multiple insect species (Combes & Daniel, 2003a) 
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located at 37.3% of the wing length and 59.5% of the wing chord. As seen in Table 1, 
measured weights for 30 different M. sexta forewings resulted in an average mass of 34.6 
mg, representing 2.23% of the total insect mass. It should be noted that the standard 
deviation in mass is 7.6 mg, indicating a large variation amongst specimen. As with most 
other Lepidoptera, the forewing of M. sexta is covered with scales for defense, display, 
and thermoregulation purposes (Wootton, 1992). According to O’Hara and Palazotto, 
these scales make up for 20.6% of the forewing mass (O’Hara & Palazotto, 2012). 
 
 As stated previously, vein diameter decreases in the spanwise direction of the 
forewing. In M. sexta, O’Hara showed that the thickness of the vein outer diameter 
decreases linearly from around 500 µm to 30 µm along the length of the wing.  Matching 
the generated frequency in an FEA model with physical results, this study showed that 
the average elastic modulus of the forewing leading edge veins is 7.41 ± 0.75 GPa. 
Nanoindentation tests indicated a global average elastic modulus of 2.446 ± 1.37 GPa for 
the forewing membrane (without scales). Building upon Sims’ research exploring the 
effects of insect wing camber, O’Hara was able to take a CT scan of an M. sexta wing 
and fit to it a third order polynomial in x and y, creating a surface model that can be seen 
in Figure 12. This surface model resulted in an accurate mathematical representation of 
the insect’s wing camber (O’Hara & Palazotto, 2012). 
Table 1: Manduca sexta mass properties (FW – forewing, HW – hindwing, LT – left, RT – right, THO – thorax, ABD – 
abdomen) (O’Hara & Palazotto, 2012) 
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 These studies provide in-depth knowledge of the morphological structure of the 
M. sexta forewing, thus developing a reliable foundation on which to design artificial 
wings. The unique properties of the forewing combine to provide M. sexta with the 
lowest weight possible while maintaining robust qualities. Still, the value of M. sexta 
wing architecture is most apparent when analyzed in terms of its interactions with flight 
kinematics and aerodynamic forces.  
2.1.4 Flight Mechanics 
Of particular interest to this work is a thorough understanding of the flight 
mechanics behind M. sexta which could be abstracted to insects in general. Many studies 
have been conducted on this subject using high-speed videography and digitizing tools to 
gather exact locations of relevant points in three-dimensional space. This technique 
provides detailed information regarding the insect’s body and wing position over a period 
of time in controlled environments, allowing the experimenter to extract desired metrics 
Figure 12: Surface fit of M. sexta forewing (O’Hara, DeLeon, & Palazotto, 
2015) 
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for comparison purposes. These metrics include, but are not limited to, the wing angle of 
attack, wing beat frequency, stroke plane angle, wing stroke amplitude, offset angle, 
pitch, yaw, and roll. Kinematically, the wing stroke can be broken down into its 
translational movements (upstroke and downstroke) and its rotational phases (pronation 
and supination) represented in Figure 13 (Dickinson, Lehmann, & Sane, 1999). 
 
As the wing translates and rotates through space and time, it undergoes a variety 
of flexion and torsion. These resultant motions can have a profound effect on the overall 
wing shape and position. They are caused by both inertial and aerodynamic forces acting 
on the wing. Some researchers claim that there is a “dramatic aeroelastic response in the 
flapping hawk moth wing” (Ennos, 1989; Norris et al., 2010). However, through both 
simulation and experimentation, studies have shown that the inertial forces caused by the 
rapid acceleration and deceleration of insect wings are significantly greater than the 
aerodynamic forces (Combes & Daniel, 2003c; Daniel & Combes, 2002). If this is true, a 
fluid-structure interaction (FSI) model is not needed. Therefore, simulations can use an 
integrative approach in which wing shape and position over time is governed solely by 
wing mechanics. Once the wing shape and position is determined, the resulting fluid flow 
Figure 13: The rotational and translational phases of an insect wing beat 
(Sane, 2003) 
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can be computed and animal flight behavior analyzed.  Given this knowledge, the insect 
wing would function independently from the ambient air conditions; in other words, a 
variation in atmospheric properties (density, temperature, humidity, etc.) would not cause 
a variation in kinematic and dynamic behavior. This assumption can greatly reduce the 
complexities associated with wing flexion and torsion and would ultimately indicate that 
the inertial and aerodynamic forces can be treated separately, effectively de-coupling 
them. Consequently, to understand the shape and positon of the wing at any point in time, 
it is sufficient to study the system kinematically and dynamically.  
The whole body kinematics of an insect have six degrees of freedom. The first 
three are the lateral, longitudinal, and vertical directional displacements. The second 
three, pitch, yaw, and roll, describe the rotation of the insect (Figure 14).  Forces 
produced by the wing beats result in body position and body angle oscillations. 
According to R. Dudley, these oscillations contribute to the erratic flight characteristics 
found in large-winged insects such as moths (Dudley, 2000). 
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Stroke regression lines are calculated by fitting a line to wing tip position data 
points between the apogees of the upstroke and downstroke for a full stroke cycle. The 
plane that contains the regression line for each wing is known as the stroke plane. The 
resultant stroke plane angle is the angle between this plane and the horizon. The wing 
stroke amplitude is the angle between the apexes of the upstroke and downstroke for a 
half stroke cycle. From a dorsal point of view, the offset angle is the angle of a wing’s 
stroke plane relative to the axilla axis. Finally, the wing angle of attack is the angle 
between the wing chord and the oncoming air (Figure 15). 
Figure 14: Roll (xb), pitch (yb), yaw (zb) body axes; center of mass (red dot); wing 
base (blue dot); points used to establish axes and planes (green dots) (Cheng et al., 
2011) 
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In addition to the kinematic terminology described above, researchers use 
dynamics as a means of comparing flight data (DeLeón, 2011; Willmott & Ellington, 
1997b). Wing tip velocities, accelerations, and forces are a few of the metrics used to 
represent the flight of the animal. Note that the velocity and acceleration of the wing can 
be translational or rotational.  
Figure 16 shows a hovering wing beat cycle (approximately horizontal stroke 
plane) of a hawk moth over the course of 21 frames. The shaded regions designate the 
ventral side of the moth’s wing which, from this view, is visible during pronation. During 
supination, the leading edge longitudinal wing axis remains fairly still while the wing 
rotates to begin the upstroke. In contrast, the longitudinal wing axis continues to move 
with the wing rotation during pronation.  The inertial forces and aerodynamics produced 
during the wing beat are such that they aid in the wing flip during the rotational phases. 
This indicates that flipping of the wing could occur without activation of insect flight 
muscles (Bergou, Xu, & Wang, 2007). Still, actively rotating the wing prior to stroke 
reversal is known to significantly augment lift generation (Sun & Tang, 2002). 
Figure 15: Kinematic wing angles of flapping insect flight: stroke plane angle (β), body angle (χ), stroke 
amplitude (Φ), offset angle (θ) (Willmott & Ellington, 1997b) 
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Through close observation of hovering flight, Willmott and Ellington noted that 
wing rigidity increases with speed. Furthermore, this research shows that M. sexta 
perform a partial clap-and-fling during pronation (Willmott & Ellington, 1997b). This 
maneuver, first proposed by Weis-Fogh, is used as a means of lift enhancement and is 
just one of the several unsteady aerodynamic mechanisms utilized by insects for the 
purpose of force production (Weis-Fogh, 1973). Kinematically, the clap-and-fling occurs 
when the leading edges of the wings “clap” together during pronation, peel apart along 
the chord length, and “fling” apart at the trailing edges (Percin, Hu, van Oudheusden, 
Remes, & Scarano, 2012). Marden’s experiments demonstrate that Lepidoptera also 
perform clap-and-fling wing beats upon take-off. This method, shown in Figure 17, is 
known to increase lift by 25% (Marden, 1987). However, Miller and Peskin suggest that 
this method induces drag forces that are 10 times larger in magnitude than those without 
Figure 16: Traces of a full M. sexta wing beat cycle captured using high-speed videography (shaded regions represent 
the ventral side of the wing) (Willmott & Ellington, 1997b) 
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wing-wing interaction (L. A. Miller & Peskin, 2009). Given these findings, insects are 
likely to reserve this high cost lift generation technique for takeoff and evasive flight 
maneuvers. 
 
Willmott and Ellington performed an extensive study on the kinematics of M. 
sexta. Observing flight behavior through videography, a range of values and conclusions 
were obtained that describe the characteristics of hawk moth flight. These tests were 
performed in a wind tunnel with speeds ranging from 0 m/s (hovering) to 5 m/s. Flapping 
frequencies of the animals range from 24.8–26.5 Hz with a maximum deviation of 1.5 Hz 
for any one individual moth, indicating that wing beat frequency does not change with 
Figure 17: Dorsal view of the clap-and-fling (black dots represent leading edge of wing) (Sane, 2003) 
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respect to flight speed. However, the stroke plane angle was observed to increase with 
flight speed while the body angle (pitch) conversely decreased (see Figure 18). 
 
Additionally, as flight speed increased, the stroke amplitude decreased from 
roughly 115–120° to 100–105°. The largest drop in stroke amplitude occurred during the 
transition from hovering to 1 m/s. Data collected from one of the female hawk moths at 
three different wing beats are presented in Table 2. 
Figure 18: Stroke plane angle and body angle as a function of flight speed for one male and two female hawk moths 
(Willmott & Ellington, 1997b) 
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More specifically, research has been done on the kinematics of pitching for the 
purpose of studying the impressive evasive flight responses of M. sexta. The sequence 
associated with this maneuver consists of an upward pitch combined with an increase in 
wing beat frequency, immediate rearward flight, pitching down past the original pitch 
angle with a decrease in wing beat frequency, and a return to the insect’s original 
orientation. The mean wing rotation angle appears to have a strong correlation with the 
pitching velocity, increasing during pitch-up maneuvers and decreasing during pitch-
down maneuvers (Cheng, Deng, & Hedrick, 2011).  
While much has been learned through the study of its kinematics and dynamics, 
these characteristics alone are not sufficient to describe M. sexta flight. To design an 
Table 2: Kinematic experimental data for a female hawk moth at 3 different wing beats (A–C) (Willmott & Ellington, 
1997b) 
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effective FWMAV, an understanding and appreciation for the movement of the hawk 
moth through air and its resulting vortex and force generation must be achieved. 
Moreover, the unsteady mechanisms utilized for these purposes exhibit the raw 
complexity and uniqueness of M. sexta flight.  
2.1.5 Aerodynamics 
Coupled with the flight mechanics that describe the motion of an insect wing and 
its body, comprehension of basic insect flight aerodynamics provides a general 
understanding of how the animal interacts with the surrounding air to produce flight 
forces. To study this behavior, researchers turn to techniques such as particle image 
velocimetry (PIV), computational fluid dynamics (CFD) simulation, and the use of 
smoke plumes in wind tunnel tests (see Figure 19). Physical testing methods have been 
utilized both with real insects and mechanical models. 
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Considering steady-state aerodynamic theory, insects should not be able to fly. 
Steady-state assumptions consider the movement of a fluid with no time dependence (no 
temporal change in velocity). It is clear that the flapping behavior and flexible nature of 
insect wings deviates significantly from these assumptions (Dickinson et al., 1999). 
Regardless, researchers have developed models using steady-state assumptions in an 
effort to understand insect flight. These analyses have shown that for the low Reynolds 
number regime encompassing small-scale flapping flight, unsteady dynamics are 
responsible for an insect’s ability to fly (Willmott & Ellington, 1997c). 
In light of these revelations, researchers turned to quasi-steady modelling to 
approximate insect flight aerodynamics. This theory produces a “time history of force 
generation” by considering the instantaneous kinematic values at any one point along the 
Figure 19: Visualization of streamlines around a tethered female hawk moth using a smoke plume source (Charles P. 
Ellington et al., 1996)  
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wing trajectory and calculating forces at that location using steady-state estimations. This 
is used as a means of exhibiting the dynamic flapping behavior through a series of static 
points at varying conditions. Extensive reviews of this approach, particularly by 
Ellington, show that the quasi-steady approximation doesn’t generally solve the quandary 
of insect flight, especially since the forces produced by this model do not reach the 
required lift necessary for hovering. At best, this approach can be applied to parts of the 
wing beat cycle, but it fails to represent the wing beat cycle as a whole (Birch & 
Dickinson, 2003). The shortcomings of this methodology are not unexpected, however, 
given that wing rotation and time-dependent fluid interactions with the body are not 
considered (C P Ellington, 1984a; Sane, 2003).  Therefore, a significant amount of effort 
has been put into studying the unsteady aerodynamics associated with insect flight. Still, 
it should be noted that these phenomena are not exhaustive enough to fully describe the 
intricacies of an insect wing beat and should be considered general applicable theories 
(Dudley, 2000). 
To understand how unsteady aerodynamics contribute to lift generation in insects, 
an understanding of the basic wing beat and its phases is necessary. The complex 
generation of vortices and their subsequent interactions during both translational and 
rotational wing beat stages have been studied and described in great detail (Birch & 
Dickinson, 2003; Birch, Dickson, & Dickinson, 2004; Liu, Ellington, Kawachi, Berg, & 
Willmott, 1998). A basic model of an M. sexta wing beat and its generated forces can be 
seen in Figure 20. Small leading-edge vortices (LEVs) and axial flow develop at the 
beginning of the upstroke, creating a slight negative pressure region. As the translational 
phase continues, the LEVs and axial flow grow significantly from the tip to the base of 
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the wing. A reverse pressure gradient and axial flow are then formed, causing the acting 
area of the LEV to be reduced to roughly 60-70% of the wing length. No vortex shedding 
occurs. 
 
When the insect reaches pronation (the most aerodynamically complex stage of 
the wing beat), the LEV produced during the upstroke remains on the wing. Initial wing 
rotation creates a trailing-edge vortex (TEV) running from base to tip just below the 
LEV. The attachment of the LEV and TEV generate a large positive pressure region 
Figure 20: Vortex generation throughout an entire M. sexta wing beat (Liu et al., 1998) 
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accompanied by a shear-layer vortex (SLV) on the top of the wing, creating a large 
negative pressure region. As the wing changes its angle of attack and begins the 
downstroke phase, all vortices are shed from the wing. 
Subsequently, the downstroke starts with dynamic stall. At the beginning of this 
phase, a fresh LEV is produced that extends from 50-75% of the wing length. This vortex 
creates a region of negative pressure below the wing. Axial flow develops as a result of 
the spanwise pressure gradient and stabilizes the LEV along its acting length. A second 
LEV is generated at the end of the downstroke which extends from the tip of the wing to 
the first LEV. This second LEV spawns a reverse pressure gradient with reverse axial 
flow. 
 At the beginning of supination, the second LEV produced during the downstroke 
begins to detach from the leading edge of the wing creating a tip vortex, and the acting 
area of the first LEV is reduced to 50% of the wing length. These LEVs continue to act at 
the beginning of supination, but begin to rotate more tightly. An SLV is produced here 
(weaker than the SLV produced during pronation) as a result of the shear layer gradient, 
creating a negative pressure region on the wing.  Finally, as the wing begins to increase 
its angle of attack and move upwards, the second LEV and SLV connect to each other 
and detach from the trailing edge, and the entire process begins again.  
 One of the most prevalent unsteady aerodynamics theories that drives this 
wing beat is known as wake capture (a form of wing-wake interaction). Wake capture is a 
result of the flapping motion of the wing, where the wing continues to move into the 
wake of the vortices it previously shed as it reverses stroke direction (Figure 21). This 
phenomenon is thought to produce strong aerodynamic forces through energy recovery as 
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the wing interacts with these vortices (Ansari et al., 2006). This idea was first proposed 
by Dickinson as a result of his inclined plate and fruit fly model experiments (Dickinson 
et al., 1999; Dickinson, 1994). Unconvinced by these results, Sun and Tang conducted a 
CFD analysis to compare the lift generation results from a wing translating through the 
air starting from rest and a wing translating through the air after an initial stroke reversal. 
They found that when the wing completes a full rotation before beginning a subsequent 
stroke reversal, a significant amount of lift is produced. In addition to the wing 
interaction with its own wake, Sun and Tang concluded that this large amount of lift is 
also a byproduct of wing acceleration and the rapid pitch at the end of the stroke (Sun & 
Tang, 2002). 
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Figure 21: Insect wing wake capture (blue vortices are generated at the leading 
edge, red vortices are generated at the trailing edge) (Ansari et al., 2006) 
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In addition to occurring during subsequent strokes of the same wing, wing-wake 
interaction is prevalent when the wakes from adjacent wings interact with one another. 
This often occurs during dorsal stroke reversal, as seen in the Weis-Fogh clap-and-fling 
mechanism. Although this type of wing-wake interaction can have a profound effect on 
the aerodynamics of the insect, it is unclear whether it is intentional or simply 
unavoidable. Lehmann shows that, due to this effect, small modulations of the wing can 
result in large changes in lift production. He also suggests that the insect could use this as 
a method for flight control (Lehmann, 2008). However, Miller and Peskin point out that 
while the clap-and-fling may produce augmented lift characteristics, the additional drag 
forces can be as much as an order of magnitude higher. A key concept thought to reduce 
the impact of these drag forces is the wings ability to flex during the “fling” phase of the 
clap-and-fling motion (L. A. Miller & Peskin, 2009). 
Another result of vortex shedding due to wing directional changes is the Wagner 
Effect, seen in Figure 22. This phenomenon is a result of the inconsistent movement of 
the wing through its wing beat, repeatedly accelerating and decelerating through strokes. 
At the end of a half-stroke, the wing is considered to be “at rest.” As the wing begins to 
move and accelerate into the beginning of its next stroke, vortex circulation around the 
wing slowly reaches its steady-state condition. This slow transition period is attributed to 
both the viscosity of the surrounding air and the starting vortex (created by vortices shed 
at the trailing edge) counteracting circulation and impeding lift (Sane, 2003). 
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During supination and pronation, the insect wing generates rotational circulation 
that affect the forces generated throughout translation. If the wing is pitched downward at 
the end of a stroke, vortex circulation inhibits the lift; if the wing is pitching upward, 
vortex circulation generates additional lift. This is known as the Kramer Effect (Ansari et 
al., 2006).  
Of all the unsteady aerodynamic phenomenon associated with insect flight, the 
importance of the LEV is thought it be predominantly responsible for high lift generation. 
The LEV was first acknowledged by Ellington through the observation of airflow around 
M. sexta wings using three-dimensional stereophotography during a smoke-plume wind 
tunnel test. Halfway through the downstroke, he noticed flow separating from the leading 
edge and reattaching to the rear of the wing. This created an LEV that expands into the 
separation zone, forming a low-pressure region above the wing that produced significant 
lift (Charles P. Ellington et al., 1996). 
Figure 22: Wagner effect (Ansari et al., 2006) 
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 Ellington states that this high lift production is a consequence of (1) increased 
flow circulation around the wing as a result of pronation and (2) the pressure gradient 
created above the wing. Since the wings are flapped at especially high angles of attack, 
the LEV phenomenon is particularly useful for insects. The large leading-edge vortex 
allows the wings to delay stall and produce extra lift as a result of a normal suction force 
(as opposed to the parallel suction force produced on a wing with a fixed angle of attack). 
This anomaly, known as dynamic or delayed stall, can be seen in Figure 23 (Sane, 2003). 
 
Studies have been conducted on the specific aerodynamics of M. sexta 
(Bomphrey, Lawson, Harding, Taylor, & Thomas, 2005; Liu et al., 1998; Mountcastle & 
Figure 23: Force generation around a blunt airfoil (A) and force generation 
around a thin airfoil, resulting in delayed stall (B) (Sane, 2003) 
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Daniel, 2008; Zhao & Deng, 2009). Willmott and Ellington applied conventional 
aerodynamic experimentation to free-flight of M. sexta at 5 m/s, investigating the wings 
and the body separately. As a result, the body produced lift equal to 7.4% of the body 
weight at a 15° body angle and 12.8% at a 25° body angle. At these same positions, the 
drag forces were 6.3% and 10.3% relative to body weight. The maximum lift-to-drag 
ratio ranged from 1.18–1.38, indicating that the M. sexta has one of the most streamlined 
body of any insect. For the wings, Willmott and Ellington used steady-state 
approximations to find the maximum lift coefficients to be 0.71 with a 20° angle of 
attack, 0.67 with a 30° angle of attack, and 0.46 with a 40° angle of attack (Willmott & 
Ellington, 1997c). These trends can be seen in Figure 24. 
 
Using the mean coefficients method (a quasi-steady approach), Willmott and 
Ellington calculated the mean wing lift coefficients during the upstroke phase of an M. 
Figure 24: Coefficients of lift and drag for the hawk moth at different Reynolds numbers of the body (left) and the 
wing (right) (Willmott & Ellington, 1997c) 
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sexta wing beat described by a Fourier series approximation. Figure 25 shows these 
values at different flight speeds. These trends show that, for flight speeds below 5 m/s, 
the coefficient of lift calculated by the mean coefficients is higher than the coefficient of 
lift calculated using steady-state approximations. This implies that unsteady methods are 
being utilized by M. sexta to generate lift (Willmott & Ellington, 1997c). 
 
Table 3 shows the required body-mass-specific power of three hawk moths at 
varying flight speeds. Aerodynamic power often peaked at 0 m/s (hovering) and 
continually decreased until around 3 m/s. Any velocity higher than that required greater 
power expenditure from the moth (but still normally below power required at hovering). 
The total mechanical power can be calculated from the aerodynamic power and the 
inertial power (Paero and Pacc, respectively). By comparing this value to the muscle 
efficiency and metabolic cost of flight, it is possible to extract from the total mechanical 
Figure 25: Mean lift coefficients for three different upstroke functions (note: the thin horizontal 
black line indicates steady-state lift coefficient value) (Willmott & Ellington, 1997c) 
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power the contribution of the thoracic and wing energy storage due to elasticity. Based on 
this information, Willmott and Ellington state that it is possible that the impact of elastic 
energy storage in the system on power generation is minimal (Willmott & Ellington, 
1997c). 
 
The power requirements discussed above are extremely useful when narrowing 
the wide range of design criteria for an FWMAV. To achieve the incredible flight 
performance of M. sexta, it is crucial to implement the unsteady aerodynamic flight 
behaviors presented in this section. The aerodynamic properties are a direct result of the 
wing position and shape during flight. To recreate these characteristics, the essential 
properties of the M. sexta wing must be identified.  
2.2 Biomimicry of Insect Wings 
As mentioned in Section 1.3.1, mimicking the structure of an insect wing is 
crucial when attempting to reap the advantages of small-scale flapping flight. However, 
the variation in properties of the wing material foundation (chitin-based cuticles) allows a 
Table 3: Body-mass-specific power values for three hawk moths at varying flight velocities; subscripts refer to 
parasitic (par), profile (pro), induced (ind), aerodynamic (aero), and inertial (acc) power (Willmott & Ellington, 
1997c) 
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margin of freedom when attempting this feat (DeLeón, 2011). As a result, a wide range of 
materials and fabrication methods have been utilized to emulate the composite nature of 
insect wing structure. The following examples exhibit some of the most common 
approaches to insect wing biomimicry. 
2.2.1 Carbon Prepreg and Kapton® Film Beetle Hind-Wing 
To mimic a beetle hind-wing, Nguyen et al. fabricated an artificial wing 
comprised of 0.1 mm thick × 1 mm width carbon prepreg for the venation structure and 
7.7 µm thick Kapton® film for the membrane. Constructed by hand, these wings mirror 
the main venation pattern seen in a biological beetle hind-wing. The artificial veins were 
made with a uniform thickness except for the leading edge, which was reinforced with 
two extra layers. Surface structures and camber were neglected to simplify the process. 
The Kapton® film was laid on a printed pattern of the venation structure, and the carbon 
prepreg was laid on top of the film over the venation pattern (refer to Figure 26). These 
wings were then vacuum-sealed and cured in an oven to bond the fibers and film together 
(Nguyen, Ha, Park, & Goo, 2011). 
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The fabricated wings weigh 25% more than the real wings (75 mg for the artificial 
wing versus 60 mg for the real wing). To compare the artificial wing to its biological 
model, equivalent stiffness was measure at two different points along the wing span (36% 
of the wing span and 51% of the wing span). At 36% of the wing span, the equivalent 
stiffness of the carbon prepreg and Kapton® wing is very similar to the real beetle hind-
wing. However, at 51% of the wing span, the equivalent stiffness of the artificial wing is 
over double the value for the biological wing. A frequency analysis shows that the first 
and third modes of the constructed wing occur at 46.8 Hz and 176.9 Hz, similar to that of 
Figure 26: Real beetle hindwing (top); beetle hindwing venation pattern sketch (middle); carbon prepreg venation 
pattern laid on Kapton® film membrane (bottom) (Nguyen et al., 2011) 
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the real wing (47.4 Hz and 176.6 Hz, respectively). However, the second mode occurrs at 
quite different frequencies (106.7 Hz for the real wing versus 126.8 Hz for the fabricated 
wing) (Nguyen et al., 2011). 
2.2.2 Carbon Prepreg and Polyester Thin Film Microrobotic Fly 
Shang et al. present a fabrication technique (depicted in Figure 27) for the purpose 
of creating a variety of artificial insect wings with differing venation structures. The 
process involves developing a PDMS (polydimethylsiloxane) mold by curing the material 
over a silicon wafer constructed in the shape of a particular venation pattern (steps 1–4). 
Then, carbon fiber prepreg strips are laid onto the venation structure pathway (step 5), 
and the 1.5 µm ultra-thin polyester film membrane is set over the veins (step 6). The 
wings are then vacuum-bagged and cured to ensure bonding between the membrane and 
venation structure. After the curing process, the wings are removed from the mold (step 
7)(Shang, Combes, Finio, & Wood, 2009). 
 
Flexural stiffness was calculated at positions that varied in the spanwise and 
chordwise directions. These values fall within the flexural stiffness ranges associated 
Figure 27: Carbon prepreg and polyester thin film wing fabrication process (Shang et al., 2009) 
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with the biological wing. The results are promising, but more tests need to be performed 
to assess the validity of this fabrication process.  This process has specifically been 
applied to the Harvard Microrobotic Fly (Shang et al., 2009). 
2.2.3 Solution-Cast SRT Manduca sexta Forewing 
Michaels et al. created a 2:1 ratio M. sexta forewing replica composed entirely 
from SRT (squid ring teeth), a novel protein complex derived from squid tentacle 
suckers. A 6061 aluminum mold of the wing was machined with a CNC Mill, creating a 
negative of an optically-scanned image of the biological wing. The protein complex was 
then dissolved in HFIP (hexafloroisopropanol), poured into the mold, and allowed to 
cure. This process can be seen in Figure 28 (Michaels et al., 2015). 
 This process resulted in an artificial wing with a thickness of 200 µm and a mass 
of 0.4 g. A dimensional analysis reveals that, at a 1:1 scale, the SRT wing would have a 
mass of 0.05 g (43% higher than the real M. sexta wing). Small-displacement vibration 
analysis shows that there is no significant strain in the SRT wing in the M. sexta’s natural 
flapping frequency range (24.8–26.5 Hz), indicating that this material is strong enough to 
withstand basic flight requirements. This strain map can be seen in Figure 28(d) 
(Michaels et al., 2015). 
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2.2.4 Carbon Fiber and Kapton® Film Manduca sexta Forewing 
DeLeon and Palazotto also attempted to mimic an M. sexta forewing using carbon 
fiber for the venation structure (0.16 mm thickness) and Kapton® film for the membrane 
(20 µm thickness).  Unlike the previous methods of overlaying artificial vein materials 
onto a venation pattern structure, the venation geometry was laser-cut and directly 
extracted from the three-layer carbon fiber layup. The geometry was obtained using a 
two-dimensional CT (computed tomography) scan of the M. sexta wing that was stored as 
a splined image. After generating a three-dimensional model of the venation structure by 
utilizing a series of computer aided design (CAD) software packages, the pattern could 
then be converted into a sequence of cuts to be performed by the laser cutter. The 
Figure 28: SRT wing fabrication process and resultant strain map (Michaels et al., 2015) 
52 
 
Kapton® film was stretched over the finished venation structure and adhered using 3M 
45 Spray. This process can be seen in Figure 29 (DeLeón & Palazotto, 2011). 
 
The resultant mass of the artificial wing (61.7 mg) is relatively close to the mass 
of the biological wing (73.3 mg). Modal analysis using a scanning laser vibrometer 
shows that the first mode for the fabricated and real wings occur at similar frequencies 
(59.06 Hz and 64.75 Hz, respectively). However, the frequencies at which the second 
mode occur are not very close (78.13 Hz for the artificial wing, and 110.75 Hz for the 
biological wing). When comparing the torsional deformation of the engineered wing to 
the biological wing, it is clear that the artificial wing experiences much more torsion than 
the biological wing during downstroke.  There is also a difference in torsion between the 
two wings during upstroke, albeit less noticeable. It should be noted, however, that the 
Figure 29: Carbon fiber and Kapton® film wing fabrication process (DeLeón & Palazotto, 2011) 
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engineered wing appears to passively twist in the opposite direction of the biological 
wing in this case. Similar to torsion, DeLeon’s wing appears to exhibit more angular 
deflection in spanwise flexion than the real wing. This is not unexpected given that the 
biological wing is more closely represented by a rigid body analysis (DeLeón & 
Palazotto, 2011). Given these results, it appears that DeLeon and Palazotto produced a 
much more flexible wing than an actual M. sexta forewing.  
2.2.5 YSH-70 Tape and Mylar Manduca sexta Forewing 
Another attempt at replicating an M. sexta forewing was made by O’Hara et al 
(O’Hara, Deleon, & Palazotto, n.d.; O’Hara, 2012). In this work, a significant amount of 
effort was put forth in mapping the venation pattern in three-dimensional space using CT 
scans and developing a surface model for the purpose of accurately reproducing the 
wing’s camber. Furthermore, the vein width of the engineered wing was adjusted to 
precisely match the flexural stiffness of the biological wing. The resulting venation 
structure was laser cut with 355 nm UV lasers having ± 5 µm accuracy and glued to a 
Mylar membrane. 
Both carbon fiber and stainless steel venation structures were made using this 
technique and can be seen in Figure 30. However, after preliminary results it was evident 
that only the carbon fiber based wings proved to be a good candidate for successful 
biomimicry. A second iteration of carbon fiber wings were constructed and, by varying 
the vein thickness, O’Hara was able to closely mimic the mass and the first and second 
resonant frequencies in air. However, O’Hara et al. were unable to reproduce the first and 
second resonant frequencies observed in a vacuum (O’Hara et al., n.d.; O’Hara, 2012). 
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2.3 Assessment of Artificial Insect Wings  
After successfully creating a set of wings that mimics the general shape and 
material properties of M. sexta forewings, the next step toward FWMAV application is to 
evaluate the kinematic and dynamic flapping behavior of the artificial wings. The 
purpose of these assessments is to gauge the structural integrity and response of the 
artificial wings under loads and conditions similar to those to which real wings are 
exposed. A series of static and dynamic tests have been utilized by researchers to gather 
such data and compare it to that of real insect wings. Many of the techniques discussed in 
this section are either performed solely on animals or solely on artificial wings. What 
current research fails to recognize is the fact that methods used for obtaining data on 
animal wings are just as effective on artificial wings and arguably necessary to draw 
reliable conclusions. 
2.3.1 Static Assessment Techniques  
After conducting a substantial literature review, it is apparent that there is not a 
wide range of static assessment techniques used for quantifying artificial small-scale 
flapping wing characteristics. This is expected, however, given that several of the 
important static parameters are rudimentary when it comes to gathering data even though 
Figure 30: Artificial M. sexta wing with carbon fiber venation structure (left) and stainless steel venation structure 
(right) (O’Hara et al., n.d.) 
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they are essential to categorizing the wing. These measurements include mass, volume, 
wingspan, and chord length. Other static parameters require more effort and thought 
when attempting to acquire precise data, such as morphology and flexural stiffness.   
When it comes to thoroughly characterizing wing morphology, there are a few 
recurring techniques relied upon by researchers. One of the most common methods is to 
use a CT scan to extract fine details of internal wing structure (O’Hara et al., n.d.; Sims et 
al., 2010). Particularly useful for insect wings, this approach can also be used to obtain 
cross-sectional views of the wing to observe thickness variation in both the membrane 
and veins. Although this technique is convenient and easy, the resolution of CT scans is 
generally not high enough to depict more subtle cross-sectional features.  Dissection of 
the insect wing is often a useful alternative when attempting to capture small details 
(shown in Figure 31). 
 
Another tool used for quantifying wing morphology is the three-dimensional 
coordinate measurement machine (CMM). Normally used with a point-contact to record 
geometrical locations in space, utilizing a CMM on small, flexible wings requires a laser 
Figure 31: Cross-sectional view of M. sexta costal (C), subcostal (Sc), and radial (R) veins obtained through 
dissection (O’Hara & Palazotto, 2012) 
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line scanning system to prevent wing deformations when obtaining data. A fourth 
approach to gathering information on wing structure is simply to capture images using a 
digital camera with an in-frame calibration marker of known dimensions. In many of the 
cases discussed above, post-processing procedures such as spline-fitting or digitization 
are necessary to procure the desired information (O’Hara & Palazotto, 2012).  
Most research on assessing the flexural stiffness of insect (or artificial insect) 
wings employs variations of one specific test (Combes & Daniel, 2003a; Mountcastle & 
Daniel, 2008; Nguyen et al., 2011; Shang et al., 2009). The experimental setup consists of 
a pin perpendicularly mounted on a precision scale. The wing is glued to a cantilevered 
beam that is attached to a micrometer such that the researcher has precise control over the 
vertical position of the wing. The wing is then lowered on to the pin and deflected a 
desired amount using a micrometer. The flexural stiffness can be calculated using the 
forces read on the scale. This setup can be seen in Figure 32. In some instances, wing 
deflection is also captured with photography to observe the deflected shape more closely. 
Other types of sensors and load cells can be used in place of a scale to quantify the force 
produced during deflection. 
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While the most common metrics used to describe the static characteristics of 
insect wings are mass, morphology, and flexural stiffness, alternative assessments have 
been conducted. One such experiment explores an insect wing’s resistance to crack 
propagation under damaging loads. Small cracks of variable length were made at the 
edges of insect wings in the chordwise direction, and a tensile test machine was used to 
load the wings at a constant rate until failure (Dirks & Taylor, 2012). This is just one 
example of a number of ways to identify and categorize static properties of insect wings 
outside of the conventional methods. 
2.3.2 Dynamic Assessment Techniques 
Similarly to static testing, a thorough review of previous work reveals that there is 
significant repetition in the approach to dynamic assessments for small-scale, flapping 
wings. These tests can generally be divided into two categories: small displacement and 
large displacement. Small displacement methods are used to perform modal analysis, 
determining natural frequencies and mode shapes. This data is often obtained using a 
scanning laser vibrometer (DeLeón & Palazotto, 2011; Nguyen et al., 2011; Norris et al., 
Figure 32: Flexural stiffness experimental set-up (Shang et al., 2009) 
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2010; O’Hara et al., n.d.; Sims et al., 2010). The setup includes a laser sensor pointed 
directly at the dorsal side of the wing in multiple locations to measure displacement. A 
shaker or motor is used to vibrate the wing throughout a range of frequencies at small 
amplitudes. The laser measures the displacement of the wing, and a frequency response 
can be generated using a fast Fourier transform (FFT) analyzer, creating the deflected 
shapes of the vibrating wing.  
When deformations such as torsion and flexion occur, whether it be from inertial 
or aerodynamic forces, the wing is said to undergo large displacements. The earliest large 
displacement tests were performed on insects during free-flight. Researchers studied and 
recorded the movements of the animals, often through high-speed motion capture, and 
created scaled drawings from their observations (Weis-Fogh, 1973). High-speed 
videography is a tool that has been used for decades for the purpose of recording 
flapping-flight data (Betts & Wootton, 1988; Cheng et al., 2011; C P Ellington, 1984b; 
Fry, Sayaman, & Dickinson, 2003; Gans, Chakravarthy, & Albertani, n.d.; Hedrick & 
Daniel, 2006; Stevenson et al., 1995; Swartz et al., 2007; Tubbs, Palazotto, & Willis, 
2011; Willmott & Ellington, 1997a, 1997b). Currently, common procedure for this 
process is to put markers on the test subject and film the motion using a high-speed 
digital camera (see Figure 33). Post-processing involves digitizing the markers in three-
dimensional space using a software package such as MATLAB. Once these points are 
digitized, kinematic and dynamic information can be extracted from the data. 
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Most recently, the use of high-speed videography and digitization has been used 
in conjunction with additional assessment tools to create a more controlled experiment. 
Instead of using a test specimen to observe flight behavior, researchers move the wing 
(real or artificial) in a flapping motion using a drivetrain. This approach greatly reduces 
the unpredictability and erratic nature of testing live insects (Dudley, 2000). Some 
drivetrains are very simplistic, consisting of an oscillating shaft to which the wing is 
affixed (see Figure 34) (Combes & Daniel, 2003c; Mountcastle & Daniel, 2008). Despite 
its inaccurate representation of insect wing flapping, this modest approach produces 
reliable and repeatable results. One unique alternative to conventional kinematic and 
dynamic testing methods is the process of pumping the thorax of a dead insect to activate 
Figure 33: High-speed videography set-up (A); image stills of insect (B); digitization of 
body during flight (C, D) (Fry et al., 2003)  
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wing flapping motion (Hollenbeck & Palazotto, 2013). Since the wings and flapping 
mechanism of an insect are mechanically coupled, this approach is a simple, useful way 
to gather basic kinematic wing data. 
 
Efforts have been made to precisely and accurately mimic the natural motion of 
the specimen with more advanced flapping mechanisms (Breitenstein & Project, 2009; 
Cheng et al., 2011; DeLeón & Palazotto, 2011; Z. A. Khan & Agrawal, 2007, 2011; Z. 
Khan, Steelman, & Agrawal, 2009; Liu, Wang, Nakata, & Yoshida, 2012; Madangopal, 
Khan, & Agrawal, 2005; Norris et al., 2010). Many different test stands have been 
developed for this purpose, utilizing a wide range of linkage configurations connecting 
the root of the wing to the motor. The design criteria for these mechanisms differ, given 
Figure 34: Simple flapping mechanism and high-speed camera set-up (top); wing rotation about motor 
shaft (bottom); leading edge (ld), trailing edge (tr), wingtip (wt) (Combes & Daniel, 2003c) 
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that some drivetrains are created for the purpose of FWMAV application, and some are 
created for wing behavior analysis. Studies have been conducted to measure parameters 
including, but not limited to, stroke plane angle, stroke amplitude, angle of attack, offset 
angle, wing position, wing shape, wing angular velocity, wing angular acceleration, wing 
forces, flexion, and torsion. These metrics are compared against data collected from live 
specimens to validate the accuracy of the flapping mechanism (see Figure 35). 
 
Given that there is still doubt over the impact of the surrounding fluid on the 
dynamics of the flapping system, including wing shape and position, it is essential to 
consider the aerodynamic forces associated with these wings in motion. Therefore, to 
gain a better understanding of these effects, researchers turn to several different types of 
aerodynamic analyses. Flapping mechanisms similar to the ones described above are also 
used in these instances, oftentimes with force feedback. Many of these experiments are 
performed in other mediums, such as water or mineral oil, to simplify qualitative and 
quantitative data collection (Birch & Dickinson, 2003; Birch et al., 2004; Dickinson et 
al., 1999; Dickinson, 1994; Lehmann & Pick, 2007; Lehmann, 2008; Percin et al., 2012; 
Figure 35: Comparison of kinematic flapping results between mechanical systems and experimental data (DeLeón & 
Palazotto, 2011) 
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Sane & Dickinson, 2001, 2002; Truppel & Rossi, 2011; Usherwood & Lehmann, 2008; 
Zhao & Deng, 2009). In these instances, the engineered wings are much larger than their 
natural counterparts. This allows them to move much more slowly while still maintaining 
Reynolds numbers comparable to those experienced by real insects. 
 As these flapping mechanisms become more elaborate and specific to particular 
research objectives, many researchers turn to simulation to obtain desired data. Flapping-
wing simulation largely focuses on the aerodynamics of the system and the wing’s 
interactions with its surroundings. Because the aerodynamics are closely coupled with the 
kinematics and dynamics of the wing, many studies consider simulating the wing motion 
to be sufficient. However, the only way to validate these findings is by showing that these 
results hold true with physical testing as well. 
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Chapter 3 - Design & Methods 
3.1 Wings 
To utilize the advantages of flapping insect flight for FWMAV application, it is 
necessary to create artificial wings that mimic the significant features associated with 
biological insect wings. Through the creation of a control wing set that is similar to the 
real M. sexta wing, it is possible not only to assess the implication of implementing such 
a wing structure on flapping-wing mechanisms, but to draw conclusions based on 
comparisons to previous work done on both artificial and real M. sexta wings (as seen in 
Section 2.2). In addition to the control wings, six supplementary wing sets are created 
that vary at least one of the parameters associated with the control including, but not 
limited to, camber, venation structure pattern, membrane material, wing size, and 
venation structure thickness. The purpose of this approach is to observe and quantify how 
variation in wing properties affects flight behavior. This allows criteria to be created that 
aid in effective FWMAV wing design. Real M. sexta wings are also tested to assess the 
efficacy of the engineered wing and assessment procedures.  
3.1.1 Artificial Wing Design & Fabrication 
The control wing set is designed based on available resources and success of 
previous insect wing biomimicry attempts (see Section 2.2).  This set is created with the 
same shape, size, venation structure and camber as the biological M. sexta wing. These 
wings consist of a unidirectional carbon fiber venation structure (single layer) and a 
polycarbonate coated polyester (Icarex™) membrane. 
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To create a mold with the proper camber, Equation 1 (O’Hara & Palazotto, 2012) 
is used to model the true surface of an M. sexta forewing using Surface Explorer 3D. 
 𝑧(𝑥, 𝑦) = 0.1976 + 0.07711𝑥 + 0.1724𝑦 − 0.003529𝑥2 + 0.01626𝑥𝑦 − 0.01184𝑦2
+ 0.00002401𝑥3 − 0.0001687𝑥2𝑦 + 0.0003256𝑥𝑦2 + 0.00061𝑦3 
(1) 
The resultant surface, seen in Figure 12, is imported into SOLIDWORKS® and 
extruded to create a negative mold. Mastercam is used to program the tool paths to 
machine the mold using a Hurco VM1 CNC mill. Pin holes are drilled in specific 
locations on either side of each wing mold section to facilitate alignment of venation 
templates, as described later. The mold is fabricated using Huntsman RenShape 5008 
syntactic intermediate temperature epoxy modeling board. This 42 pound density foam is 
ideal for an application such as wing curing due to its low pliability at high temperatures 
and ease of machining.  The final wing mold, as seen in Figure 36, accommodates 4 
cambered wing sets and 1 flat wing set. The locating pins, made out of Loosco 0.041” 
spring 302/304 stainless steel dowel, are placed in their respective holes. The finished 
mold is then wrapped in Wrightlon® 5200B Teflon to create a smooth, non-stick surface 
on which to construct the wings. 
 
Figure 36: RenShape placed in Hurco VM1 CNC Mill prior to machining (left); completed wing mold (right) 
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A 50 mm spanwise (to-scale) CT image taken by O’Hara and Palazotto is used as 
a template to provide a basis for the wing foundation (Figure 37) (O’Hara & Palazotto, 
2012). This template includes the location-hole points to guarantee similarly-placed 
wings on the mold. The image is used with increased contrast and decreased brightness to 
more clearly depict the venation structure for ease of fabrication. The template is sprayed 
with 3M Super 77 multipurpose adhesive to prevent migration, and 0.007” thick strips of 
cut Gurit prepreg unidirectional carbon fiber are placed along the venation structure 
(Figure 38). 
 
Once the venation structure is in place, a 0.0015” thick layer of a rip-stop 
polyester blend material (Icarex™) is placed over the venation pattern, sticking to the 
adhesive on the exposed template and securing the arrangement of the carbon fiber strips. 
Once in place, this formation is flipped over onto the cambered mold such that the 
Icarex™ is in contact with the Teflon-covered RenShape foam. The holes are cut and 
pressed over the locating-pins to guarantee consistent placement. The mold is then 
covered with a perforated Wrightlon® 5200 B P-3 Teflon layer to provide a non-stick 
surface that allows excess epoxy to escape during the baking process. Econoweave 44 
Figure 37: Image of M. sexta forewing with vertical lines every 2.5 mm (O’Hara & 
Palazotto, 2012) 
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breather material is placed over the mold to distribute the vacuum and provide pathways 
for the excess epoxy to escape. The mold and thru-bag vacuum connector base are placed 
inside a vacuum bag, which is sealed using AT-200Y high tack sealant tape to ensure no 
air leakage. A hole is cut into the sealed bag to connect the top of the vacuum connector 
to the base. 
 
After the package is placed in a convection oven, the Robinair 15600 vacuum (6 
CFM) is turned on and the attachment hose is joined to the thru-bag vacuum connector 
for depressurization. This setup can be seen in Figure 39. The oven is then set at 100°C, 
and the wings are baked for 210 minutes to cure the epoxy resin embedded within the 
carbon fiber. When the wings are finished curing, they are removed from the oven and 
left to cool on the mold to prevent undesired shape change. After the curing process, the 
template remains on the ventral side of the wings. A combination of light sanding and 
soaking in hot water removes the remaining paper from the wings. 
Figure 38: Unidirectional carbon fiber strips placed along the venation structure (left); Icarex™ membrane 
placed on top of carbon fiber (middle); wing layered on cambered mold and positioned with locating pins 
(right) 
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The fabrication process for the six modified wing sets is similar to the process for 
the control set described above, with some differences depending on the wing property 
being varied. With 2:1 ratio wings, spray adhesive is not necessary on the printed 
template because the veins are large enough for the carbon fiber to stick to the Icarex™ 
without assistance. As a result, the larger-scaled wings have their own molds with 
permanently embedded templates under the first layer of Teflon, and locating-pins are not 
necessary to provide consistency because there is no camber present in these wings. Two 
of the modified sets use 0.01” thick Gurit RC203 woven carbon fiber prepreg as a wing 
membrane instead of Icarex™. In these cases, the wing template is placed over top of the 
carbon fiber, and the wing shape is traced and cut from this sheet using a scalpel. 
Afterwards, the template is removed, and the leading edge is reinforced with an extra 
layer of unidirectional carbon fiber. This setup is then placed onto a fresh wing template 
with locating-pins and flipped onto the mold such that the carbon fiber is in direct contact 
with the Teflon-coated RenShape foam.  
Based on O’Hara’s M. sexta data, the largest mass discrepancy observed between 
left and right wings was approximately 8.5% of the average (O’Hara & Palazotto, 2012). 
Figure 39: Wings vacuum packed and placed in oven for curing (left); finished control set (right) 
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Each set of engineered wings discussed above fall within this tolerance. Abbreviations 
and complete descriptions of the seven artificial wing sets can be seen in Section 4.1. 
Pictures of all artificial wing sets are shown in Appendix A. 
3.1.2 Biological Wing Preparation 
In addition to the engineered wings, real M. sexta wings are tested to validate the 
assessment procedures and compare their flapping behavior to that of the artificial wings. 
Five male hawk moths are harvested from the Case Western Reserve University Biology 
Department. After allowing 48 hours of maturation post-eclosure to ensure fully 
developed wings, the moths are freeze-killed. The insects are removed from the freezer 
just prior to dissection. Figure 40 shows a moth just before forewing removal. 
 
To ensure that the entirety of the forewing is separated from the thorax, scales are 
removed around the connection point. The wing is then cut from the body using 
dissection scissors. The cut is made flush with the thorax. The scales are removed from 
Figure 40: Freeze-killed M. sexta harvested from 
C.W.R.U. Biology Department’s hawk moth colony 
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the wings for testing to avoid safety hazards and ensure consistency by preventing a mass 
change through shedding during experimental procedures. This practice is consistent with 
previous experiments run on hawk moths (DeLeón & Palazotto, 2011; O’Hara & 
Palazotto, 2012).  Scales are removed using a combination of compressed air and a 
vacuum set-up with a water filtration system. This process can be seen in Figure 41. 
 
The scale-free wings are immediately glued on to the wing adapters (discussed 
more in Section 3.2 and Section 3.3) using Loctite 3555 Visible Light Adhesive (see 
Figure 42). The wings are placed back into the freezer after curing for preservation until 
testing begins. The wings are retrieved approximately 20 minutes prior to testing and are 
kept out of the freezer no longer than 1 hour at a time. The masses and dimensions of 
these wings are listed in Appendix B. 
Figure 41: Point of dissection (left); removing scales from wing with water filtered vacuum (middle); partially de-
scaled wing (right) 
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3.2 Static Assessment 
A static assessment is used to gather flexural stiffness data. The procedure 
described below is modeled after the most commonly used technique observed in 
literature. Flexural stiffness is a significant performance metric given that the flexibility 
of insect wings are claimed to have a profound effect on their flight abilities.  
3.2.1 Design & Instrumentation 
A mount holds the wings in place by creating a clam shell around the wing 
adapter (see Figure 43). Both the mount and wing adapters are 3-D printed using a 
MakerBot Replicator 2.0. Three types of adapters are designed: cambered, non-cambered, 
and 2:1 non-cambered. The wing adapters are designed such that the dorsal face of the 
wing is flush with the underside of the adapter. This ensures a consistent angle of attack 
amongst all wings (real and artificial). The wing mount is attached to an aluminum base 
to counter the moment occurring on the wing during testing. A 1/8” diameter steel rod is 
sharpened to provide point contact on the surface of the wing and elicit deflection. 
Figure 42: Using indigo light to cure glue connecting wing root to wing adapter (left); 
completed M. sexta forewing ready to test (right) 
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Deflection is imparted by a Hurco VM1 CNC mill with 0.0001” precision. Forces in the 
wing caused by these deflections are measured using a Fairbanks scale with a precision of 
0.01 g. The accuracy of this scale is verified by weighing objects of known mass and 
evaluating the detection of small mass changes. Both checks fall within the documented 
precision for the scale. 
 
Equation 2 is used to calculate the flexural stiffness (EI) of the wing (Combes & 
Daniel, 2003a). 
 𝐸𝐼 = 𝐹𝐿3/3𝛿 (2) 
L is the effective beam length (the length from the root to the point contact), δ is 
the deflection of the wing, and F is the applied force. Force data is gathered from 
deflecting the wings at 70% of the spanwise wing length. This point is chosen to prevent 
slipping of the contact point on the wing surface and to compare gathered results with 
those found in literature. These values are taken on the dorsal side of the leading edge of 
each wing. EI data is gathered at a second point (40% of the spanwise wing length) for 
the real wings and control set in order to more closely assess the similarity of the artificial 
M. sexta wing to its biological counterpart. Additionally, EI data is taken on the ventral 
side of the real wings and control set for further comparison. 
Figure 43: CAD model of static test stand holding wing 
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3.2.2 Static Assessment Procedure 
Two pieces of tape are placed orthogonally on the scale to create a reference 
point. This point in space is found manually on the CNC mill by bringing the location of 
the steel rod tip to this point and storing it as the zero location. The edges of the 
aluminum base are aligned with the two strips of tape. For the 1:1 scale wings, the 70% 
point is found (in SOLIDWORKS®) to be 2.1294 in., and the 40% point is found to be 
1.5389 in. from the reference point. For the 2:1 scale wings, the 70% value is found at 
3.5074 in. (note: 40% values are not taken on the 2:1 scale wings). The point of contact is 
zeroed in the z-direction such that the tip is touching, but not deflecting, the wing. This 
point is chosen by finding the location at which the wing begins to deflect and ensures 
that the load is still zero. Any location below this value registers a force on the scale. For 
each test, the wing is deflected in increments of 0.5 mm. After each deflection, the 
contact point is returned to the unloaded position. Because Equation 2 only applies to 
small displacements, data is taken for vertical deflections of less than 5% of the effective 
beam length. Figure 44 depicts the setup for this test. 
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3.3 Dynamic Assessment 
The dynamic assessment provides a metric that evaluates the efficacy of the 
engineered wings when implemented on an FWMAV. The designed test stand attempts to 
recreate the motion of an M. sexta observed through high-speed videography. The lift 
generated by the wings using this device provides insight into the importance of various 
wing parameters. Furthermore, this data shows how the performance of the control set 
compares to the M. sexta wing.  
3.3.1 Flapping Test Stand 
3.3.1.1 Design Foundation 
Forward-flight data of an M. sexta flying upstream at 75 cm/s is provided by the 
Willis Lab of Case Western Reserve University’s Biology Department. Relevant portions 
of this raw data can be found in Appendix C. Kinematic information on 46 wing beats of 
x 
z 
Figure 44: Deflection of 2:1 flat wing under point load at 70% of wingspan along 
leading edge 
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a hawk moth are presented. Digitization of the high-speed video provides information on 
the position and movements of the wing and body of the insect (see Figure 45). 
 
The interwing angle (the angle between the left and right forewings of the animal) 
is replicated in the design of the dynamic test stand. A sine wave, represented in Equation 
3, is fit to the interwing angle data. 
 𝑦(𝑡) = Φsin(2𝜋𝑓𝑡 + 𝜑) + 𝜃 (3) 
Amplitude (Φ), frequency (𝑓), phase angle (𝜑), and offset value (𝜃) are the 
parameters required to make this fit. Phase angle is determined unessential because it 
only exhibits information about the flapping cycle with respect to time and not the details 
of the motion itself. Frequency also does not determine any structure constraints. 
However, knowledge of this value is important when choosing the motor driving the 
system. Based on the data, the average observed frequency is calculated to be 
approximately 24.74 Hz. This value is consistent with literature, where the M. sexta 
flapping frequency ranges from 22.9 to 26.5 Hz (Willmott & Ellington, 1997b). The 
offset value (208.82°) is calculated by averaging all interwing angles. The parameters are 
Figure 45: Digitized picture of forward-flying hawk moth courtesy of the Willis Lab at C.W.R.U. 
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tuned to match the given constraints of the previously designed test stand1. As a result, 
the amplitude of the sine wave (i.e. stroke amplitude of the test stand) is 106.34°. The 
fully-defined sine wave fit of the moth interwing angle can be seen in Figure 46. The blue 
line represents moth data, and the red line represents the fit. It is clear from this graph 
that the moth is slightly changing its frequency throughout the wing beat. 
 
As mentioned in Section 2.1.4, supination and pronation (wing flip) occur 
between the upstroke and the downstroke. However, as seen in the data, the wings rotate 
about the spanwise axis throughout the entirety of the cycle. In particular, the angle of 
attack is constantly changing during upstroke. However, this angle is more stable during 
downstroke (see Figure 47).  
                                                 
1 The test stand discussed in section 3.3 is a design retrofitted to a test stand originally created for 
the purpose of exploring tunable compliance mechanisms as applied to FWMAV drivetrains. Information 
on this test stand is briefly discussed in Section 3.3.1.2.  
Figure 46: Sine wave fit to collected interwing angle hawk moth data 
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Even though the angle of attack changes during the upstroke, an average of the 
left wing upstroke angle of attack and right wing upstroke angle of attack is used as 
design criteria for the test stand. This value, rounded to the nearest degree, is calculated 
to be 148° with respect to the stroke plane. The same approach is taken with the left and 
right wing downstroke angles to find the maximum allowed downstroke angle. This value 
is determined as 44° with respect to the stroke plane. A representation of these angles is 
seen in Figure 48. 
Figure 47: Comparison of angle of attack with respect to interwing angle as a function of time 
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The stroke plane angle is also considered as a relevant parameter to recreate the 
flapping motion of the M. sexta. This value is calculated from the moth data by analyzing 
the left and right wing tip trajectories and creating regression lines. The angle is 
calculated for each wing beat and then averaged over the course of all 46 wing beats. 
This value is rounded to the nearest degree and found to be 30°.  
3.3.1.2 Previous Test Stand Designs 
In order to make control and data acquisition simple, the original test stand design 
implemented the use of two AX-12W Dynamixel servos manufactured by Robotis which 
can be programmed to oscillate at a particular frequency.  Unfortunately, the maximum 
achievable frequency with these servos is 7-8 Hz, thus requiring a more advanced 
approach to convert rotary motion into oscillatory motion. A crank-rocker mechanism 
approach is taken to attain the desired design criteria. Early attempts at creating an 
FWMAV test stand drivetrain in this manner presented issues in the flapping behavior. 
The first design attempted for the drivetrain includes two linkages in addition to a crank 
(see Figure 49). A CAD model of the design is constructed, and a simulation is created to 
observe the behavior of the test stand. Through observation, it is clear that the wings flap 
Figure 48: Average downstroke angle of attack with respect to the stroke plane (left); average upstroke angle of 
attack with respect to stroke plane (right)  
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out of phase in this configuration. When the crank is at a rotation angle of 0° and 180°, 
the wings are in phase. However, the wings are out of phase at any other rotation angle, 
causing the wings to not exhibit the flapping behavior of a real hawk moth. 
 
In order to mitigate this problem, a second drivetrain linkage system was designed 
that includes multiple holes at the top and sides of the test stand. The approach is to 
shorten the crank, elongate the crank shafts, and bring the two driving linkages closer in 
proximity in order to drive the wings in phase with each other. Unfortunately, this design 
prevents the system from achieving the full stroke amplitude of the insect. Furthermore, 
this would decrease the size of an already small test stand, which would make the 
machining and assembly process more difficult. 
The third design for the drivetrain incorporates an additional linkage and a 
guidance slot. This change ensures that the wings remain in-phase throughout the entire 
wing beat cycle. Moreover, flapping in phase is achieved without sacrificing wing 
Figure 49: Out-of-phase flapping sequence as a result of the first crank-rocker 
design concept (images progress from top left to bottom right) 
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amplitude or decreasing the dimensions of the stand. These characteristics are 
implemented in the final test stand design discussed below. 
3.3.1.3 Final Test Stand Design & Instrumentation 
The final test stand is a five-bar crank-rocker mechanism driven with a 3000 RPM 
10:1 Pololu Micro Metal Gearmotor. The stand weighs 120.39 g with overall dimensions 
of 3 × 3 × 2.5 in. (see Figure 50). It is comprised of polylactic acid (PLA) 3-D printed 
parts (created with the MakerBot Replictor 2.0) and DuPont™ Delrin® acetal 
homopolymer machined with the Hurco VM1 CNC Mill. 
 
The base of the test stand serves the purpose of rigidity during testing. The u-
shaped slots on the flat side of the plate are for secure attachment of suction cups to 
prevent migration and dampen the vibrations during testing. It is attached to the stroke 
plane stilts with four 2–56 machine screws. The housing of the stand rests on the stilts 
and is also attached using four 2-56 machine screws. The motor hold is designed as a 
clam-shell that houses the Pololu motor. The cavity is slightly undersized so that pressure 
Figure 50: Flapping test stand CAD model (left); completed flapping test stand with control set wings (right) 
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is applied to the motor such that translation is prevented. Common practice is for torque 
to be transferred from a motor shaft to a pinion by utilizing a set screw. In this instance, 
to prevent play in the drivetrain, a slot is created next to the hole for the motor shaft to 
contain pins that transfer the torque from the motor shaft to the crank. The wing linkages 
are curved to prevent interference with the driving knuckles during the extremes of the 
wing beat. Steps are machined in these linkages at the connection point to the guidance 
slot pin to provide symmetry to the system.  
Each wing linkage is attached to a 3-D printed driving knuckle seen in Figure 51. 
These knuckles provide 2 degrees of freedom to the wings: angle of attack and interwing 
angle. The knuckle constrains the wing adapter from rotating beyond the desired upstroke 
and downstroke angles of attack. In turn, the angle of attack is a passive spanwise 
rotation with limits of 44° on the downstroke and 148° on the upstroke (with respect to 
the stroke plane). 
 
Figure 51: Transparent view of driving knuckle (wing adapter pictured in red) 
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The test stand is placed on a scale to record effective weight changes during 
flapping, consequently measuring the generated lift. The scale used for the dynamic test 
is the same scale used for the static test discussed in Section 3.2.1. Flapping frequency is 
recorded using a PASCO ME-9204B Accessory Photogate. The Pololu motor is wired to 
a bidirectional speed-controller (Micro 8-Bi – 1.2 g). A 6-channel PCM receiver is 
utilized along with a Futaba 12-channel transmitter. The resolution of the driving 
frequency is limited by the detents of the throttle on the transmitter. A lithium polymer 
11.1 V, 1320 mA-hr battery is used to power the speed controller, receiver, and motor. 
3.3.2 Dynamic Assessment Procedure 
Five M. sexta wings and seven artificial wings are dynamically tested with the 
stand to collect data on generated lift (see Figure 52). The stand is consistently placed on 
the corner of the scale for each test to prevent downwash from counteracting the lift 
produced by the wings. Before conducting the experiments, the stand is run without 
wings to ensure that the scale does not register a force due to vibrations in the structure. 
The photogate is placed such that a wing blocks the infrared beam between the source 
and detector for frequency capture. The scale is zeroed before each trial. For any given 
frequency, the wings are allowed to stabilize for 2-3 seconds before recording the scale 
output. During trials conducted on the engineered wings, the motor is brought back to 
zero before ramping up to the next frequency. Tests on the real wings are performed 
throughout the entire testing frequency range (0–29 Hz) without bringing the motor to 
rest. 
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 In addition to wing pairs, the left and right wings are tested separately, resulting 
in a total of 36 trials. During each trial, the average observed frequency and maximum 
generated lift are recorded for each detent on the transmitter up to 29 Hz. The 
experiments are not executed at frequencies above this limiting value because the stand is 
not designed to operate at higher frequencies and M. sexta wings are not subjected to 
flapping frequencies higher than 29 Hz in nature. 
Figure 52: Dynamic test stand set up 
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Chapter 4 - Results & Analysis 
The following sections provide results and analyses of the experiments discussed 
in Chapter 3. Raw test data is located in Appendix D and Appendix E. All EI values used 
for analysis are averages of the EI calculations at each deflection displacement (up to 5% 
of the effective beam length in increments of 0.5 mm). Note that the 2:1 engineered 
wings are not included in this analysis. The decision to omit these wing sets is discussed 
in Chapter 5. 
4.1 Static Results 
Similarly to M. sexta wings, the left and right wings of each artificial set have 
comparable mass properties. The mass percentage difference calculated for a sample of 
hawk moth wings (see Section 3.1.1) shows that M. sexta left and right wings are within 
8.5% of their average mass. To ensure consistency among wings, this threshold is applied 
to the artificial wings fabricated by hand. Each wing set’s mass is below this threshold, 
with a maximum mass percentage difference of 8.10% for the double-layered venation 
structure wing set and a minimum mass percentage difference of 0.04% for the 2:1 flat 
carbon fiber wing set. Of all wing sets, the control set is the lightest, and the 2:1 flat 
carbon fiber wing set is the heaviest. These results are shown below in Table 4. 
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Table 4: Artificial wing set descriptions and mass properties 
Wing 
set 
Abbreviation Description Mass, LW 
(g) 
Mass, RW 
(g) 
Mass Percentage 
Difference 
1 CS Control wing set 0.08649 0.08083 3.38% 
2 FL No camber 0.11927 0.11152 3.36% 
3 DBL Venation structure 
comprised of double 
unidirectional carbon 
fiber layer 
0.16811 0.19773 8.10% 
4 CFM Woven carbon fiber 
membrane 
0.24557 0.26950 4.65% 
5 SP Venation structure 
replaced with spars 
0.11665 0.11251 1.81% 
6 2:1CFMFL 2:1 ratio, no camber, 
woven carbon fiber 
membrane 
1.30929 1.30812 0.04% 
7 2:1FL 2:1 ratio, no camber 0.74807 0.79847 3.26% 
*Note: Each modified wing set is a variation of the control set.  
            The descriptions above describe the parameter that differs from the control set. 
            RW, right wing 
            LW, left wing 
 
The five M. sexta harvested for these tests are weighed with and without scales (see 
Appendix B). The scales make up 10.29%-16.03% of the overall wing mass. These 
values are similar to the range of those calculated by O’Hara and Palazotto, which are 
anywhere from 5.4% to 27.4%. The hawk moth wings used in this study (R-series) have a 
mass percentage difference well below the 8.5% threshold with a maximum of 1.94% and 
a minimum of 0.18%.  The R-series wings have an average wingspan of 49.88 mm with a 
standard deviation of 1.53 mm. The 50 mm wingspan of the artificial wings (based on the 
wingspan of one particular animal) is within one standard deviation of the M. sexta 
wings’ average. The average chord length of the R-series wings is 17.82 mm with a 
standard deviation of 0.92 mm. The artificial wings have a chord length (19.96 mm) 
within two standard deviations of the R-series average chord length value. This could be 
due to the fact that R5 seems to be a particularly underdeveloped moth.  
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The flexural stiffness of the R-series wings ranges from 2.09 × 10-5 N∙m2 to 6.56 × 
10-5 N∙m2 at 70% of the wingspan on the dorsal side. These values are consistent with 
previous flexural stiffness tests performed on M. sexta wings (Combes & Daniel, 2003a; 
Mountcastle & Daniel, 2008). On the ventral side, R-series EI values range from 3.25 × 
10-5 N∙m2 to 9.27 × 10-5 N∙m2. These values are represented in Figure 53. Flexural 
stiffness discrepancies between the dorsal and ventral sides of the M. sexta wings is 
apparent in this graph. In contrast to the findings by Combes and Daniel in their EI 
calculations, the data presented here shows that the flexural stiffness value is higher when 
the point contact deflects the wing from the ventral side (as opposed to the dorsal side) 
throughout the entire R-series (Combes & Daniel, 2003a). 
 
For the dorsal side of the artificial wings at 70% of the wingspan, the maximum EI 
value is 2.11 × 10-3 N∙m2 for the left CFM wing, and the minimum EI value is 1.69 × 10-4 
Figure 53: Comparison of dorsal and ventral measurements of M. sexta wings at 70% of wingspan 
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N∙m2 for the right CS wing. The EI value for the CS wing set is much closer to the EI 
values for the R-series wings. This is expected because the CS wing set is designed to be 
as close in structure to the M. sexta wing as possible (as opposed to the other artificial 
wing sets, which are designed to deviate from the M. sexta model). Figure 54 shows that 
the ventral side of the control set has a higher flexural stiffness than the dorsal side. This 
trend is not apparent in the other engineered wing sets. This further indicates that the 
control set has similar properties to M. sexta forewings. Percentage difference of EI is 
calculated to compare the ventral and dorsal side of all wing sets and is displayed in 
Figure 55. 
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Figure 54: Comparison of dorsal and ventral measurements of artificial wings at 70% wingspan 
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EI percentage difference is calculated for all left and right wings (see Figure 56). 
There are no trends as far as flexural stiffness difference between the left and right wings. 
Some of these values, particularly for the M. sexta wings, are significantly different from 
one another. The percentage difference among the R-series wing sets ranges from 3.91%-
41.42%. The lowest percentage difference among the artificial wings is associated with 
the ventral SP set, where the left wing is 3.20% higher than the average. On the other 
hand, the dorsal CS has the highest percentage difference, with the left wing being 
18.33% higher than the average. 
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Figure 55: Percentage difference between dorsal and ventral flexural stiffness measurements for all recorded wings 
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In addition to the 70% wingspan location, flexural stiffness is also determined at 
40% of the wingspan for the R-series and CS. As stated in Chapter 2, the venation 
structure is stiffer than the wing membrane. This means that a cluster of veins will cause 
an increase in the flexural stiffness at any one point on a wing, leading to anisotropy 
along the wingspan and chord length of the wing (Combes & Daniel, 2003a). Data 
presented in Figure 57 shows a recurring decline in flexural stiffness from 20 mm to 35 
mm with respect to the root along the wingspan. This further corroborates the similarity 
between the CS and M. sexta forewings. 
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Figure 56: Percentage difference of left and right wing flexural stiffness measurements for all recorded wings 
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Figure 58 shows the EI values for all left wings on the dorsal side. It is clear that the 
CS is significantly closer than its modified counterparts in terms of flexural stiffness to 
the R-series wings. This trend is consistent on both the left and right wings-dorsal and 
ventral side. The next closest engineered wing is almost 4.7 times higher in terms of 
flexural stiffness than the CS wings. The control set is approximately 3.1 times higher 
than the next closest M. sexta wing. These results show that the initial fabrication process 
used to create artificial M. sexta forewings is promising. However, progress needs to be 
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Figure 57: Flexural stiffness as a function of location along wingspan for the dorsal left wings (top left), dorsal right 
wings (top right), ventral left wings (bottom left), ventral right wings (bottom right); the different colors indicate the 
control set (light blue), R1 (red), R2 (gray), R3 (yellow), R4 (dark blue), R5 (green) 
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made in order to more closely replicate the hawk moth wing material properties and 
geometry such that the artificial wings exhibit similar characteristics found in nature. 
 
4.2 Dynamic Results 
Table 5 compares the sum of the lift generated by the left and right wings 
individually to the measured lift generated by both wings at the same time. Based on the 
relationship between wing tip velocity and lift generated in a quasi-steady approach, a 
quadratic fit is chosen to represent the data. The lift values are obtained by fitting the 
quadratic polynomial to the lift data and interpolating at 25 Hz (an approximation of the 
hawk moth flapping frequency). In general, the lift generated by the sum of the left and 
right wings is more than the lift generated by the wing pairs. This indicates the presence 
of wing-wing interactions and suggests the possibly detrimental effects of this 
phenomenon. 
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Figure 58: Flexural stiffness values for dorsal side of left wing 
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Table 5: Generated lift (gF) for individual wings, the sum of the individual wings, and each set evaluated as a whole 
Wing Left Right Sum Pair Difference 
(Pair - Sum) 
R1 0.39 0.35 0.74 0.65 -0.08 
R2 0.55 0.68 1.23 1.03 -0.20 
R3 0.77 0.69 1.46 1.27 -0.18 
R4 0.45 0.55 1.00 0.83 -0.17 
R5 0.51 0.46 0.97 1.00 0.04 
CS 0.55 0.57 1.12 1.00 -0.12 
 
A plot of lift versus flapping frequency for the artificial wings is show in Figure 
59. In accordance with a quasi-steady model, a quadratic curve is fit to the data for each 
engineered wing set. In terms of lift generated, the control set outperformed all other 
artificial wings with 1.6 gF at 29 Hz. The next highest performing set of wings is the FL, 
indicating that camber plays a role in lift generation, but it is not as influential as the 
other modified parameters. The DBL only generates 0.19 gF of lift at 28 Hz. In addition 
to outperforming the other artificial wing sets, the control set performs similarly to the R-
series wings. These results are seen in Figure 60. The lowest performing M. sexta 
forewing set is R1, producing 0.83 gF at 27 Hz. On the other hand, R3 performs the best 
with 1.5 gF at 27 Hz. 
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Figure 61 displays non-dimensionalized lift versus flapping frequency for all wing 
sets. These values are non-dimensionalized by dividing the generated lift of a wing set by 
the sum of the left and right wing masses. Analyzing the data in this manner shows that 
the R-series wing sets (aside from R1) perform very closely to one another. Compared to 
the artificial wing sets, the M. sexta wings generate more lift per unit mass. The control 
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Figure 59: Lift as a function of flapping frequency for artificial wing sets 
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Figure 60: Lift as a function of flapping frequency for R-series wings and CS 
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set clearly generates more lift per unit mass than the other engineered wings, once again 
indicating that the preliminary approach to creating an artificial M. sexta forewing is 
promising. However, the CS wings fall short of exactly mimicking the biological wings. 
 
Figure 62 shows a scatter plot of the lift generated by each wing set as a function 
of flexural stiffness. This graph shows a grouping similar to the one found in the static 
test results. The CS performs similarly to the R-series wings, despite having a slightly 
higher flexural stiffness. Although the flat wing has a much higher EI value than the M. 
sexta wings or control set, it still generates comparable lift. The CFM has the highest 
flexural stiffness value of all wing sets and is still able to produce lift that is just outside 
the range of the biological wings. The SP and DBL are substantially lower in terms of lift 
generated and have relatively high flexural stiffness values. 
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Figure 61: Lift per unit mass as a function of flapping frequency for all wing sets 
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These results provide insight into the behavior of M. sexta wings and the 
challenges faced when attempting to mimic characteristics of insect wings found in 
nature. Although some of the conclusions drawn are expected, a few trends indicate new 
findings that aid in properly fabricating and testing artificial hawk moth wings. 
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Figure 62: Lift as a function of average flexural stiffness for the dorsal side of all wing sets 
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Chapter 5 - Discussion 
This chapter discusses the efficacy of the approach taken for this research and 
mentions issues that were circumvented to provide reliable data. Furthermore, a 
qualitative evaluation of comparing the experimental procedures to those found in 
literature is presented.  
5.1 Artificial Wings 
Initial attempts at artificial wing fabrication resulted in left and right wings with 
significantly different properties. The control set had to be re-made, taking care to cut the 
unidirectional carbon fiber strips from the same stock for mirrored contralateral spars to 
ensure geometric symmetry in the wings. Despite this first misstep, the material and 
structural properties were consistent and the wing performance characteristics were in 
alignment with expected behaviors despite being fabricated by hand.  
Although some of the template burned off during the curing process, much of the 
paper was still left on the wing. Even though iterations of soaking and lightly sanding 
removed the majority of the paper, some still remained on the wings, possibly adding 
significant weight or increasing stiffness in particular areas. More aggressive techniques 
were not attempted, so as to preserve the camber and general dimensions of the wings. 
Gluing the root of the wings to the wing adapters in a consistent orientation proved 
difficult, particularly for any cambered wing set. Ensuring that the wing stayed at the 
proper angle of attack during glue curing was challenging, requiring the wings to be 
carefully propped in the appropriate positions while the glue cured. 
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  During the first dynamic test with a 2:1 wing (2:1FL), the Icarex™ membrane 
proceeded to strip away from the venation structure at a flapping frequency below its 
targeted value. Because of this, further tests could not be performed on the 2:1FL set. The 
test stand could not drive the 2:1CFMFL set through its wing beat because the motor was 
not powerful enough, causing data to not be obtained for this wing as well. A larger test 
stand would be needed in order to power the flapping motion of a wing with such size 
and mass. 
5.2 Static Assessment 
Initial static tests were performed using a scale of higher precision and accuracy. 
Unfortunately, these readings were inconsistent and never settled at a specific value for 
any given deflection. In fact, the force reading on the scale continually decreased over 
time. It is unclear whether or not this is an issue with the scale or an issue with the 
assessment design. However, the Fairbanks scale used for data collection was stable and 
settled on a force reading for any given z-direction displacement. The force versus 
displacement data for each wing was repeatable and reproducible.  
Finding the zero-displacement location in the z-direction for the point of contact 
proved to be difficult. A combination of scale readings and observing the deflection in 
the wing was used to determine where the deflections should begin. For wings with 
relatively small flexural stiffness values, particularly the R-series wings, force readings at 
the smallest deflection locations were not registered on the scale. As the point of contact 
was released from the wing in between the force reading for each deflection location, an 
offset value set by the scale in an attempt to keep the system zeroed was registered as an 
output. When the scale didn’t read an imparted force at small deflection locations for 
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these extremely flexible wings, the offset value was recorded instead. Based on the 
recorded data, this offset value is a reliable measure of very small (<0.05 gF) force 
readings given that the calculated flexural stiffness at 70% of the wingspan had little 
variation throughout the deflection displacements for each wing.  
Aside from the issue of small force readings on the scale, the R-series wings also 
presented the challenge of keeping the testing time at a minimum. The experiments 
discussed in this paper required any given wing to be removed from the freezer for no 
more than 1 hour at a time. Each set of M. sexta forewings was given 15-20 minutes to 
reach room temperature before being assessed. However, the amount of time it takes for 
an M. sexta wing to “dry out” to the point where the recorded flexural stiffness is no 
longer representative is inconsistent in literature. It is also possible that freezing and 
unfreezing the wings between initial dissection, static tests, and dynamic tests altered the 
material properties of these wings.  
The assessment apparatus seemed to successfully hold each wing in place during 
the static tests. It should be noted, however, that a layer of glue is used between the wing 
roots and the plastic of the wing adapters. Even though the glue was left to cure for a 
minimum of 12 hours (much longer than the maximum stated cure times), it is possible 
that this glue interface allowed some shifting during testing. This possibly introduced 
some error or inconsistencies into the force versus displacement readings. Furthermore, a 
different glue was used on the wing adapters for the R-series wings than with the 
artificial wing sets, which could also cause a discrepancy in the readings. The best way to 
determine whether or not the aforementioned details affect the force readings is to use 
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this setup to test a structure of known flexural stiffness and use it to validate the 
procedure.  
The biggest difference between this experimental setup and those found in 
literature is that this process utilizes a CNC to control the location and amount of 
deflection. Conceivably, a flexural stiffness map of the entire wing could be generated 
using this technique. The resolution and accuracy in 3-D space sets this approach apart 
from those used by other researchers.  
In general, the designed static assessment is a good measure of flexural stiffness 
in small, flexible wings. Calculations show that the coefficient of variation is often under 
5%, meaning that the standard deviation of the flexural stiffness is small with respect to 
the mean. However, in extremely flexible wings such as the R-series, the coefficient of 
variation is as much as 24.5%, indicating that improvements (such as increased 
resolution) are needed to consistently measure these types of wings. 
5.3 Dynamic Assessment 
Similarly to the static tests, the scale had trouble reading small force 
measurements (<0.05 gF). In order to overcome this problem, the scale was preloaded at 
0.50 gF such that the “zeroed” value was -0.50 gF. This allowed the scale to display the 
small variations in force at low flapping frequencies. The transmitter used had set detents 
for the throttle, limiting the number of frequencies at which lift data could be taken. The 
generated lift versus flapping frequency results show that subtle differences in frequency 
can potentially lead to large differences in lift. Therefore, a more advanced control 
mechanism is needed to more precisely control the applied flapping frequency of the test 
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stand. Initially, the frequency at which the wings were flapping was determined by high-
speed videography. Each test was recorded with the high-speed camera and played back 
to count the number of frames per wing beat. Knowing the frames per second of the 
recorded video, the flapping frequency was able to be determined. In an effort to more 
accurately measure the flapping frequency, a photogate was eventually utilized and 
confirmed the video technique. However, the photogate provided more accurate flapping 
frequency values by eliminating human error. Given the slow response of the scale (as 
opposed to a scale that can record transient data) and its inability to log data, only the 
observed maximum lift values were recorded as raw data points. It is possible that even 
higher lift values were produced by the wings even though they were not registered by 
the scale.   
The designed stroke plane stilts were not used for the final dynamic tests. The 
first attempts at using this addition to the test stand showed that the stilts elicited erratic 
force readouts on the scale, possibly due to large vibrations imparted on the system. In 
this configuration, it might be necessary to provide a controlled headwind velocity as if 
the stand was experiencing forward flight. Therefore, choosing to run the tests with no 
forward velocity and without the stroke plane stilts was the best option for stable, 
representative data. The suctions cups attached to the bottom plate of the test stand 
appeared to provide a dampening effect, thus mitigating erratic outputs on the scale. 
As mentioned in the dynamic test design section, the test stand was consistently 
placed on the corner of the scale in order to prevent downwash from affecting force 
readings. Additionally, it was found that the readout on the scale was dependent upon the 
location of the acting force (i.e. if a mass is moved after zeroing, the scale outputs a value 
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other than zero), furthering the necessity of maintaining the position of the stand 
throughout all tests.  
The distance between the roots of the two wings on the stand is considerably 
larger than the difference between the roots of the wings on an actual M. sexta (1.5” and 
0.5,” respectively). This difference possibly had an effect on the wing-wake interaction 
that is characteristic of insect flight. Furthermore, the test stand material between the 
wings likely prevents vortex interaction on the ventral side during downstroke. 
Redesigning the test stand to be more representative of an actual moth body might bring 
the test results for the artificial wings closer to that of the real wings. Another issue with 
vortex generation is that the passive system designed to allow variation in angle of attack 
did not work. There are a number of potential reasons for the lack of rotation, one of 
which is that there is no proof that the wings passively rotate in this configuration. 
Without the mass and aerodynamic impact of the hind wing, it is questionable that the 
forewing would rotate (regardless of friction or test stand configuration). This is 
consistent with the findings that show that M. sexta can fly, but not steer, without their 
hind wings. 
This discussion presents the advantages and disadvantages of the approach used 
to assess both the M. sexta and engineered wings. The difficulties, while unexpected, can 
be overcome through minor modifications to the procedures. In general, the assessments 
provided a reliable and repeatable way to compare the control set to M. sexta forewings 
and observe changes in flight behavior based on variations in wing parameters.   
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Chapter 6 - Conclusions 
The findings presented in this paper indicate that all research objectives discussed 
in Section 1.3.4 have been met. This work successfully develops a fabrication method for 
the purpose of creating artificial insect wings. By implementing camber into a wing 
mold, this technique produces bio-mimicked insect wings not yet seen in this field. A 
series of static and dynamic assessments is designed and developed to consistently 
compare small, flexible wings to one another. These experiments build, and in many 
cases improve, upon techniques currently used in this field. The data from this research 
shows that the designed testing methods are repeatable and reliable. The data clearly 
indicates that the developed fabrication process results in wings with comparable 
properties and performance to M. sexta forewings. The decrease in flexural stiffness in 
the spanwise direction of both the R-series and CS wing sets further supports this 
conclusion. 
The flexural stiffness data shows that there is a large discrepancy between the left 
and right wings. Previous research has failed to consider this as a possibility and, 
incidentally, does not explore the potential effects of this issue on other aspects of flight 
performance. The finding in this paper that ventral-side EI values are consistently higher 
for the R-series and CS wing sets is inconsistent with literature. However, these results 
makes sense due to the cambered nature of the wings.  
The comparison of dynamic tests results between the M. sexta and artificial wings 
shows the impact of structural properties with respect to generated lift. It is hypothesized 
in literature that camber is one of the most important parameters. While influential, it is 
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evident that venation structure has one of the most significant effects when producing lift 
for a flapping system. Finally, the analysis of generated lift for the individual left and 
right wings shows that wing-wake interaction is possibly disadvantageous in terms of lift 
production for insects and, in turn, FWMAVs.  
The findings presented above indicate that all research objectives discussed 
Section 1.3.4 are met in this paper.  
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Chapter 7 - Future Work 
The next step in this process is to explore a wider range of materials in an attempt 
to match the flexural stiffness and mass of artificial wings more closely to M. sexta 
forewings. The advantages of using a protein-based material as a wing membrane should 
be considered. For the next iteration of experiments, the control sets should attempt to 
mimic a locally harvested specimen whose flight characteristics are quantified prior to 
dissection. In addition to comparing the characteristics of artificial wings to M. sexta 
wings, this approach allows the dynamic test stand to be compared as a drivetrain to the 
insect thorax. This forces a direct comparison, decreasing the amount of error inherent in 
abstracting information from a sample of the entire population.  
By increasing the degrees of freedom on the test stand and investigating the 
reasons for the lack of variation in angle of attack, the dynamic test stand can be altered 
such that the kinematics more closely resemble those of M. sexta. Performing forward-
flight tests in a wind tunnel will permit the use of the stroke plane stilts, allowing data to 
be gathered in a more realistic body position. 
Improvements in the electronics of the system (possibly using an encoder on the 
motor and a more advanced controller) will allow better frequency resolution. In addition, 
recording transient data with a force transducer will provide the opportunity to observe 
the unsteady aerodynamic behavior of the wings. Measuring the power draw will provide 
a technique to assess efficiency and allow for further comparison of wing sets. Lastly, 
digitizing high-speed video of the wings driven by the dynamic test stand will provide 
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more intricate qualitative and quantitative results, ultimately providing a better 
understanding of the entire system.  
The goal of this research is to progress FWMAV development by improving the 
most critical component of the vehicle. The results provide a hierarchy among various 
types of wing parameters. Further investigation into the effects of these properties on 
flight performance can establish, and possibly relax, the constraints on necessary design 
criteria for FWMAV wings. 
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Appendix A: Artificial Wing Sets 
 
CS 
DBL 
FL 
CFM 
SP 
2:1CFMFL 
2:1FL 
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Appendix B: Manduca sexta Forewing Properties 
Wing Wingspan 
(mm) 
Chord 
Length (mm) 
Mass with 
Scales (mg) 
Mass without 
Scales (mg) 
Scale Percentage 
R1 Left 50.42 18.72 27.0 23.2 14.07% 
R1 Right 49.66 18.31 28.7 24.1 16.03% 
R2 Left 50.93 18.54 31.7 28.0 11.67% 
R2 Right 49.45 18.08 31.1 27.9 10.29% 
R3 Left 52.07 18.67 41.2 36.3 11.89% 
R3 Right 52.58 18.62 40.6 36.1 11.08% 
R4 Left 49.23 17.35 29.6 26.3 11.15% 
R4 Right 48.72 16.97 29.1 25.3 13.06% 
R5 Left 47.70 15.82 28.9 24.9 13.84% 
R5 Right 48.08 17.09 29.3 25.5 12.97% 
*Note: “R” refers to a “real” set of M. sexta wings  
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Appendix C: CWRU Willis Lab M. sexta Data 
Point 
# 
cam1 
frame 
# Time 
Upwind 
Position 
Vertical 
Position 
Cross-tunnel 
Position 
Interwing 
Angle 
Left Wing Angle 
of Attack 
Right Wing 
Angle of Attack 
1 -471 -0.942 -14.556 10.425 13.243 124.068 32.169 28.613 
2 -470 -0.940 -14.568 10.450 13.303 116.397 52.403 46.804 
3 -469 -0.938 -14.581 10.474 13.363 116.988 75.976 68.904 
4 -468 -0.936 -14.593 10.498 13.423 129.682 102.576 97.537 
5 -467 -0.934 -14.606 10.522 13.484 151.258 122.938 119.323 
6 -466 -0.932 -14.618 10.546 13.544 177.071 131.392 129.813 
7 -465 -0.930 -14.631 10.570 13.604 204.500 131.406 134.021 
8 -464 -0.928 -14.643 10.594 13.664 232.484 124.349 134.722 
9 -463 -0.926 -14.655 10.618 13.724 261.275 108.611 132.599 
10 -462 -0.924 -14.667 10.642 13.784 289.587 86.663 127.652 
11 -461 -0.922 -14.679 10.666 13.844 311.474 65.122 116.180 
12 -460 -0.920 -14.691 10.691 13.904 320.206 46.062 78.087 
13 -459 -0.918 -14.702 10.715 13.964 313.697 32.535 28.048 
14 -458 -0.916 -14.713 10.740 14.024 295.018 26.749 13.568 
15 -457 -0.914 -14.724 10.765 14.083 270.780 26.226 9.534 
16 -456 -0.912 -14.734 10.791 14.143 245.636 26.411 8.232 
17 -455 -0.910 -14.744 10.816 14.202 219.907 23.659 8.488 
18 -454 -0.908 -14.754 10.842 14.261 193.241 18.460 10.355 
19 -453 -0.906 -14.764 10.869 14.320 166.858 15.362 14.448 
20 -452 -0.904 -14.773 10.896 14.379 142.713 18.162 21.499 
21 -451 -0.902 -14.782 10.923 14.438 122.563 28.156 31.504 
22 -450 -0.900 -14.790 10.951 14.496 109.056 46.862 44.701 
23 -449 -0.898 -14.798 10.979 14.554 106.170 77.484 65.038 
24 -448 -0.896 -14.806 11.007 14.613 116.002 110.252 96.103 
25 -447 -0.894 -14.813 11.035 14.671 136.425 128.461 121.730 
26 -446 -0.892 -14.820 11.064 14.729 163.437 135.214 131.755 
27 -445 -0.890 -14.826 11.093 14.786 192.726 135.093 132.724 
28 -444 -0.888 -14.832 11.123 14.844 221.054 127.639 129.031 
29 -443 -0.886 -14.838 11.152 14.901 248.799 110.107 121.928 
30 -442 -0.884 -14.843 11.182 14.959 277.269 85.295 112.390 
31 -441 -0.882 -14.847 11.213 15.016 302.101 61.125 100.995 
32 -440 -0.880 -14.851 11.243 15.073 314.337 41.843 78.715 
33 -439 -0.878 -14.855 11.275 15.129 309.807 30.497 32.074 
34 -438 -0.876 -14.859 11.306 15.186 292.015 25.340 13.373 
35 -437 -0.874 -14.862 11.338 15.242 267.997 23.292 11.130 
36 -436 -0.872 -14.864 11.371 15.298 242.361 22.608 11.458 
37 -435 -0.870 -14.867 11.404 15.354 215.372 20.928 11.822 
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38 -434 -0.868 -14.868 11.438 15.410 186.739 17.081 12.427 
39 -433 -0.866 -14.870 11.472 15.465 158.977 14.463 15.263 
40 -432 -0.864 -14.871 11.506 15.520 135.410 17.660 22.967 
41 -431 -0.862 -14.872 11.541 15.575 117.815 29.986 35.410 
42 -430 -0.860 -14.873 11.577 15.630 108.122 53.569 50.890 
43 -429 -0.858 -14.873 11.613 15.684 109.253 85.929 71.544 
44 -428 -0.856 -14.873 11.649 15.739 122.699 113.855 98.079 
45 -427 -0.854 -14.873 11.686 15.793 146.533 128.274 121.043 
46 -426 -0.852 -14.873 11.724 15.847 175.872 132.068 132.822 
47 -425 -0.850 -14.873 11.761 15.900 205.882 128.430 134.697 
48 -424 -0.848 -14.872 11.799 15.954 235.448 117.630 130.722 
49 -423 -0.846 -14.871 11.838 16.007 265.495 100.067 124.250 
50 -422 -0.844 -14.870 11.877 16.061 293.632 78.725 115.210 
51 -421 -0.842 -14.868 11.916 16.114 312.776 56.190 94.851 
52 -420 -0.840 -14.867 11.956 16.166 316.449 38.254 43.453 
53 -419 -0.838 -14.865 11.996 16.219 304.109 29.573 13.316 
54 -418 -0.836 -14.863 12.037 16.272 281.666 28.159 8.410 
55 -417 -0.834 -14.861 12.079 16.324 255.783 29.098 8.318 
56 -416 -0.832 -14.859 12.121 16.376 228.917 27.607 7.443 
57 -415 -0.830 -14.856 12.164 16.427 201.356 22.335 5.869 
58 -414 -0.828 -14.854 12.207 16.478 173.782 17.160 6.403 
59 -413 -0.826 -14.851 12.251 16.529 147.398 17.035 12.910 
60 -412 -0.824 -14.848 12.295 16.580 124.216 23.746 26.821 
61 -411 -0.822 -14.845 12.340 16.630 107.194 38.254 44.451 
62 -410 -0.820 -14.842 12.385 16.680 99.092 64.493 64.224 
63 -409 -0.818 -14.839 12.431 16.729 101.176 98.282 87.398 
64 -408 -0.816 -14.836 12.477 16.778 113.927 120.408 110.567 
65 -407 -0.814 -14.832 12.524 16.826 137.321 130.223 127.209 
66 -406 -0.812 -14.829 12.570 16.874 168.093 132.901 134.436 
67 -405 -0.810 -14.825 12.618 16.921 199.579 128.515 134.073 
68 -404 -0.808 -14.822 12.665 16.969 229.096 114.537 129.351 
69 -403 -0.806 -14.818 12.713 17.015 258.473 94.561 121.811 
70 -402 -0.804 -14.814 12.761 17.061 287.040 77.284 109.427 
71 -401 -0.802 -14.810 12.809 17.107 308.665 60.228 84.663 
72 -400 -0.800 -14.806 12.858 17.153 315.997 41.595 49.546 
73 -399 -0.798 -14.801 12.907 17.198 306.878 29.486 29.344 
74 -398 -0.796 -14.796 12.957 17.242 286.185 25.725 22.278 
75 -397 -0.794 -14.791 13.007 17.286 260.579 25.043 17.962 
76 -396 -0.792 -14.786 13.057 17.330 232.676 22.528 12.523 
77 -395 -0.790 -14.780 13.108 17.373 203.705 17.349 7.880 
78 -394 -0.788 -14.775 13.159 17.416 176.119 12.861 7.241 
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79 -393 -0.786 -14.768 13.211 17.459 151.563 12.648 13.506 
80 -392 -0.784 -14.762 13.263 17.501 130.143 18.556 30.938 
81 -391 -0.782 -14.755 13.316 17.542 113.385 31.169 57.226 
82 -390 -0.780 -14.748 13.369 17.584 105.756 51.382 78.718 
83 -389 -0.778 -14.741 13.422 17.625 110.760 84.829 92.218 
84 -388 -0.776 -14.733 13.475 17.665 127.433 119.468 100.370 
85 -387 -0.774 -14.725 13.529 17.706 151.385 133.348 106.906 
86 -386 -0.772 -14.717 13.583 17.746 179.099 131.684 115.081 
87 -385 -0.770 -14.708 13.638 17.787 209.380 118.993 122.489 
88 -384 -0.768 -14.699 13.692 17.827 241.038 101.731 123.515 
89 -383 -0.766 -14.689 13.748 17.867 271.304 87.752 115.265 
90 -382 -0.764 -14.679 13.803 17.908 294.760 73.390 93.713 
91 -381 -0.762 -14.668 13.859 17.948 307.133 53.718 61.288 
92 -380 -0.760 -14.657 13.915 17.989 308.152 31.473 39.150 
93 -379 -0.758 -14.645 13.972 18.030 298.694 14.084 28.903 
94 -378 -0.756 -14.633 14.029 18.071 280.219 7.808 21.335 
95 -377 -0.754 -14.621 14.086 18.112 256.326 12.657 13.572 
96 -376 -0.752 -14.608 14.144 18.153 230.889 21.349 7.663 
97 -375 -0.750 -14.594 14.203 18.195 205.622 24.148 5.592 
98 -374 -0.748 -14.581 14.262 18.237 180.338 20.379 9.246 
99 -373 -0.746 -14.566 14.321 18.279 154.750 17.383 22.614 
100 -372 -0.744 -14.552 14.381 18.321 130.338 20.385 44.133 
101 -371 -0.742 -14.537 14.441 18.363 110.899 30.994 59.321 
102 -370 -0.740 -14.522 14.501 18.405 101.649 51.113 68.899 
103 -369 -0.738 -14.506 14.561 18.447 106.387 83.431 78.452 
104 -368 -0.736 -14.490 14.622 18.489 123.630 114.437 88.849 
105 -367 -0.734 -14.473 14.682 18.531 147.381 129.021 99.273 
106 -366 -0.732 -14.457 14.743 18.573 173.569 131.605 109.694 
107 -365 -0.730 -14.440 14.804 18.615 201.706 126.088 118.551 
108 -364 -0.728 -14.422 14.865 18.657 231.605 114.143 120.806 
109 -363 -0.726 -14.404 14.926 18.699 262.034 101.590 112.045 
110 -362 -0.724 -14.386 14.986 18.741 289.322 90.781 88.156 
111 -361 -0.722 -14.367 15.048 18.783 306.572 71.994 55.797 
112 -360 -0.720 -14.348 15.109 18.825 308.241 38.247 34.665 
113 -359 -0.718 -14.329 15.170 18.866 295.429 14.374 23.288 
114 -358 -0.716 -14.309 15.231 18.908 275.032 10.066 14.498 
115 -357 -0.714 -14.289 15.293 18.949 252.369 15.613 8.175 
116 -356 -0.712 -14.269 15.355 18.990 229.100 22.865 5.482 
117 -355 -0.710 -14.249 15.417 19.030 205.679 26.727 6.140 
118 -354 -0.708 -14.228 15.479 19.071 181.894 25.953 11.123 
119 -353 -0.706 -14.207 15.541 19.111 156.989 23.387 21.951 
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120 -352 -0.704 -14.186 15.604 19.150 131.421 24.114 34.684 
121 -351 -0.702 -14.165 15.667 19.189 108.989 32.334 44.073 
122 -350 -0.700 -14.143 15.730 19.228 95.631 48.039 55.051 
123 -349 -0.698 -14.122 15.793 19.266 95.343 66.807 72.160 
124 -348 -0.696 -14.100 15.857 19.303 108.097 87.064 90.707 
125 -347 -0.694 -14.079 15.921 19.340 131.072 106.591 102.814 
126 -346 -0.692 -14.057 15.985 19.377 159.854 117.999 109.263 
127 -345 -0.690 -14.035 16.049 19.412 189.836 119.413 114.748 
128 -344 -0.688 -14.013 16.113 19.448 219.094 113.656 117.159 
129 -343 -0.686 -13.990 16.178 19.483 247.719 105.904 108.093 
130 -342 -0.684 -13.968 16.243 19.517 274.745 96.929 78.047 
131 -341 -0.682 -13.945 16.308 19.551 294.936 78.506 42.835 
132 -340 -0.680 -13.922 16.373 19.584 302.400 47.136 24.496 
133 -339 -0.678 -13.899 16.439 19.617 294.863 21.255 13.790 
134 -338 -0.676 -13.875 16.505 19.649 276.103 10.046 5.652 
135 -337 -0.674 -13.851 16.571 19.681 254.011 8.482 1.186 
136 -336 -0.672 -13.828 16.638 19.712 232.813 10.422 1.133 
137 -335 -0.670 -13.803 16.705 19.743 211.913 12.082 4.863 
138 -334 -0.668 -13.779 16.772 19.774 189.849 13.230 12.086 
139 -333 -0.666 -13.755 16.839 19.804 166.296 14.619 22.396 
140 -332 -0.664 -13.730 16.907 19.833 142.694 17.675 32.543 
141 -331 -0.662 -13.705 16.975 19.863 122.733 25.765 40.652 
142 -330 -0.660 -13.681 17.043 19.891 111.388 43.193 51.321 
143 -329 -0.658 -13.656 17.110 19.920 111.887 72.922 68.736 
144 -328 -0.656 -13.631 17.178 19.948 123.176 102.895 87.674 
145 -327 -0.654 -13.607 17.245 19.975 140.833 118.971 98.806 
146 -326 -0.652 -13.582 17.312 20.003 161.546 123.606 101.500 
147 -325 -0.650 -13.557 17.379 20.030 185.247 120.867 101.105 
148 -324 -0.648 -13.533 17.446 20.056 212.522 114.428 102.088 
149 -323 -0.646 -13.508 17.512 20.082 241.431 108.835 100.227 
150 -322 -0.644 -13.483 17.578 20.108 267.395 102.442 85.371 
151 -321 -0.642 -13.459 17.643 20.134 285.576 84.100 54.003 
152 -320 -0.640 -13.434 17.708 20.159 293.414 45.566 27.534 
153 -319 -0.638 -13.409 17.773 20.184 290.646 16.309 13.733 
154 -318 -0.636 -13.384 17.837 20.208 278.861 5.670 5.900 
155 -317 -0.634 -13.359 17.901 20.232 262.453 5.571 1.808 
156 -316 -0.632 -13.334 17.965 20.255 245.535 11.384 2.055 
157 -315 -0.630 -13.309 18.028 20.279 228.654 20.101 6.044 
158 -314 -0.628 -13.284 18.091 20.301 210.531 29.719 12.705 
159 -313 -0.626 -13.259 18.153 20.324 189.865 35.383 20.617 
160 -312 -0.624 -13.234 18.215 20.345 166.149 33.651 26.180 
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161 -311 -0.622 -13.209 18.276 20.367 141.653 31.932 29.295 
162 -310 -0.620 -13.185 18.337 20.388 122.048 38.572 35.236 
163 -309 -0.618 -13.160 18.396 20.408 112.722 55.745 47.229 
164 -308 -0.616 -13.135 18.455 20.429 115.383 79.762 67.051 
165 -307 -0.614 -13.111 18.512 20.448 127.631 99.826 90.623 
166 -306 -0.612 -13.087 18.569 20.468 144.731 109.239 106.503 
167 -305 -0.610 -13.062 18.625 20.487 164.529 109.596 112.450 
168 -304 -0.608 -13.039 18.680 20.505 188.861 108.356 112.684 
169 -303 -0.606 -13.015 18.733 20.523 218.990 113.664 110.579 
170 -302 -0.604 -12.992 18.786 20.541 251.135 120.269 105.569 
171 -301 -0.602 -12.968 18.838 20.558 277.915 118.552 93.835 
172 -300 -0.600 -12.945 18.889 20.575 293.706 99.972 70.740 
173 -299 -0.598 -12.923 18.939 20.591 296.635 55.503 37.912 
174 -298 -0.596 -12.900 18.988 20.607 288.491 21.014 14.392 
175 -297 -0.594 -12.878 19.036 20.623 273.864 9.290 5.537 
176 -296 -0.592 -12.856 19.083 20.638 256.996 9.232 4.315 
177 -295 -0.590 -12.834 19.130 20.652 239.895 14.609 6.622 
178 -294 -0.588 -12.812 19.175 20.667 222.852 22.496 11.784 
179 -293 -0.586 -12.791 19.220 20.681 204.782 33.583 17.837 
180 -292 -0.584 -12.770 19.265 20.695 184.333 46.325 20.155 
181 -291 -0.582 -12.749 19.308 20.708 161.825 53.178 20.813 
182 -290 -0.580 -12.728 19.350 20.721 140.205 54.590 26.329 
183 -289 -0.578 -12.707 19.392 20.734 124.319 59.416 36.951 
184 -288 -0.576 -12.687 19.432 20.747 119.029 72.520 50.679 
185 -287 -0.574 -12.667 19.472 20.760 126.590 89.986 69.524 
186 -286 -0.572 -12.648 19.510 20.772 143.584 103.014 91.873 
187 -285 -0.570 -12.628 19.548 20.784 163.596 107.944 107.250 
188 -284 -0.568 -12.609 19.584 20.797 184.826 108.618 111.108 
189 -283 -0.566 -12.590 19.619 20.809 209.626 112.501 105.762 
190 -282 -0.564 -12.572 19.653 20.820 238.396 118.450 96.679 
191 -281 -0.562 -12.553 19.686 20.832 266.328 117.710 86.784 
192 -280 -0.560 -12.535 19.718 20.843 286.654 102.561 71.936 
193 -279 -0.558 -12.517 19.749 20.855 296.501 69.320 50.715 
194 -278 -0.556 -12.499 19.779 20.865 296.616 39.754 29.571 
195 -277 -0.554 -12.481 19.808 20.876 288.776 24.168 12.350 
196 -276 -0.552 -12.463 19.837 20.886 276.053 16.113 -0.077 
197 -275 -0.550 -12.446 19.864 20.896 262.020 13.092 -3.994 
198 -274 -0.548 -12.428 19.891 20.906 247.961 13.643 3.119 
199 -273 -0.546 -12.410 19.917 20.916 233.114 15.633 15.397 
200 -272 -0.544 -12.393 19.942 20.925 216.708 18.323 22.886 
201 -271 -0.542 -12.376 19.967 20.934 198.433 24.089 22.547 
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202 -270 -0.540 -12.358 19.990 20.942 178.173 37.436 19.122 
203 -269 -0.538 -12.341 20.013 20.951 157.090 55.470 19.195 
204 -268 -0.536 -12.324 20.034 20.959 138.051 64.580 24.976 
205 -267 -0.534 -12.307 20.054 20.967 124.740 66.925 35.041 
206 -266 -0.532 -12.291 20.074 20.974 120.971 72.054 49.535 
207 -265 -0.530 -12.274 20.092 20.982 128.640 82.204 70.940 
208 -264 -0.528 -12.258 20.108 20.989 145.076 92.601 94.482 
209 -263 -0.526 -12.242 20.124 20.996 164.979 99.072 108.865 
210 -262 -0.524 -12.226 20.138 21.003 186.396 103.752 112.190 
211 -261 -0.522 -12.210 20.151 21.009 210.672 110.825 107.679 
212 -260 -0.520 -12.195 20.163 21.015 237.723 117.386 98.364 
213 -259 -0.518 -12.179 20.174 21.021 264.145 119.212 85.852 
214 -258 -0.516 -12.164 20.183 21.026 285.220 115.581 70.545 
215 -257 -0.514 -12.149 20.191 21.030 297.523 103.274 51.467 
216 -256 -0.512 -12.134 20.198 21.034 300.017 73.604 27.279 
217 -255 -0.510 -12.119 20.204 21.038 293.711 38.549 4.415 
218 -254 -0.508 -12.104 20.209 21.040 281.499 21.380 -7.482 
219 -253 -0.506 -12.089 20.213 21.042 266.961 15.783 -10.742 
220 -252 -0.504 -12.074 20.216 21.043 252.072 14.765 -9.602 
221 -251 -0.502 -12.059 20.218 21.044 236.946 14.997 -4.512 
222 -250 -0.500 -12.044 20.220 21.044 221.083 16.398 2.434 
223 -249 -0.498 -12.029 20.220 21.043 204.146 21.959 7.248 
224 -248 -0.496 -12.015 20.219 21.042 186.178 36.179 9.998 
225 -247 -0.494 -12.001 20.217 21.040 167.731 56.396 13.537 
226 -246 -0.492 -11.986 20.215 21.037 150.357 70.634 19.551 
227 -245 -0.490 -11.973 20.211 21.034 136.810 77.916 27.884 
228 -244 -0.488 -11.959 20.206 21.031 130.364 82.196 39.772 
229 -243 -0.486 -11.946 20.201 21.027 133.474 85.768 60.509 
230 -242 -0.484 -11.932 20.194 21.023 145.440 89.589 89.850 
231 -241 -0.482 -11.920 20.186 21.018 162.601 94.309 110.214 
232 -240 -0.480 -11.907 20.178 21.013 182.639 102.301 116.794 
233 -239 -0.478 -11.895 20.168 21.007 205.519 113.652 115.159 
234 -238 -0.476 -11.884 20.157 21.001 230.820 122.144 108.819 
235 -237 -0.474 -11.872 20.146 20.994 256.616 124.171 98.495 
236 -236 -0.472 -11.861 20.133 20.987 279.106 118.682 82.500 
237 -235 -0.470 -11.851 20.120 20.980 293.179 100.743 57.058 
238 -234 -0.468 -11.841 20.106 20.972 296.205 62.552 26.408 
239 -233 -0.466 -11.831 20.091 20.963 289.122 28.147 4.079 
240 -232 -0.464 -11.821 20.076 20.954 275.152 13.458 -8.243 
241 -231 -0.462 -11.812 20.059 20.945 258.556 8.132 -11.552 
242 -230 -0.460 -11.803 20.043 20.934 241.750 6.369 -5.891 
113 
 
243 -229 -0.458 -11.794 20.025 20.923 223.836 6.625 3.510 
244 -228 -0.456 -11.786 20.007 20.912 203.531 9.727 8.925 
245 -227 -0.454 -11.778 19.988 20.900 181.846 18.020 9.571 
246 -226 -0.452 -11.770 19.969 20.887 161.186 35.607 8.721 
247 -225 -0.450 -11.763 19.950 20.874 143.621 60.027 10.869 
248 -224 -0.448 -11.756 19.929 20.860 130.695 75.224 18.834 
249 -223 -0.446 -11.750 19.909 20.846 124.121 81.296 29.453 
250 -222 -0.444 -11.744 19.888 20.831 126.004 86.543 41.924 
251 -221 -0.442 -11.738 19.866 20.816 137.650 92.796 62.978 
252 -220 -0.440 -11.733 19.844 20.800 157.465 98.470 93.680 
253 -219 -0.438 -11.728 19.822 20.784 181.720 104.759 114.032 
254 -218 -0.436 -11.723 19.800 20.767 207.895 113.875 118.477 
255 -217 -0.434 -11.718 19.777 20.750 235.066 122.310 112.098 
256 -216 -0.432 -11.714 19.753 20.732 262.027 125.828 97.414 
257 -215 -0.430 -11.710 19.730 20.713 285.381 122.467 74.508 
258 -214 -0.428 -11.706 19.707 20.694 299.745 105.846 42.374 
259 -213 -0.426 -11.702 19.683 20.674 301.277 57.260 11.280 
260 -212 -0.424 -11.699 19.659 20.654 290.275 17.458 -6.922 
261 -211 -0.422 -11.695 19.635 20.633 271.492 6.311 -14.374 
262 -210 -0.420 -11.692 19.612 20.611 250.820 4.290 -14.935 
263 -209 -0.418 -11.688 19.588 20.588 230.925 5.074 -11.483 
264 -208 -0.416 -11.685 19.564 20.565 211.715 7.571 -5.884 
265 -207 -0.414 -11.681 19.541 20.541 192.423 13.398 0.788 
266 -206 -0.412 -11.678 19.517 20.516 172.780 25.837 7.728 
267 -205 -0.410 -11.674 19.493 20.490 153.521 47.939 14.711 
268 -204 -0.408 -11.671 19.469 20.464 136.268 71.289 22.072 
269 -203 -0.406 -11.668 19.445 20.437 123.609 83.265 30.459 
270 -202 -0.404 -11.665 19.421 20.410 119.244 87.315 43.158 
271 -201 -0.402 -11.662 19.396 20.382 125.933 89.672 66.535 
272 -200 -0.400 -11.659 19.371 20.353 141.950 93.538 95.725 
273 -199 -0.398 -11.656 19.346 20.324 162.555 101.373 112.892 
274 -198 -0.396 -11.653 19.321 20.294 185.590 113.151 116.638 
275 -197 -0.394 -11.650 19.295 20.264 210.699 123.031 110.533 
276 -196 -0.392 -11.647 19.269 20.233 236.417 127.046 96.229 
277 -195 -0.390 -11.643 19.243 20.202 260.722 124.721 78.833 
278 -194 -0.388 -11.640 19.216 20.170 280.420 114.207 62.940 
279 -193 -0.386 -11.637 19.189 20.137 291.425 88.358 44.429 
280 -192 -0.384 -11.634 19.162 20.104 291.577 43.991 19.214 
281 -191 -0.382 -11.631 19.135 20.070 281.768 15.549 -2.588 
282 -190 -0.380 -11.628 19.108 20.036 265.092 6.985 -11.452 
283 -189 -0.378 -11.624 19.080 20.001 245.414 5.882 -10.436 
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284 -188 -0.376 -11.621 19.053 19.966 225.301 6.609 -3.681 
285 -187 -0.374 -11.618 19.026 19.930 205.413 7.815 4.575 
286 -186 -0.372 -11.614 18.998 19.893 185.425 11.645 10.208 
287 -185 -0.370 -11.611 18.971 19.856 165.215 23.643 13.512 
288 -184 -0.368 -11.607 18.944 19.819 146.104 49.004 17.635 
289 -183 -0.366 -11.604 18.917 19.781 130.569 73.560 25.043 
290 -182 -0.364 -11.600 18.890 19.742 121.422 84.853 38.969 
291 -181 -0.362 -11.597 18.863 19.704 121.316 90.241 65.400 
292 -180 -0.360 -11.593 18.836 19.665 130.943 95.379 98.576 
293 -179 -0.358 -11.590 18.809 19.625 148.188 103.272 118.397 
294 -178 -0.356 -11.586 18.782 19.585 170.704 115.405 124.898 
295 -177 -0.354 -11.582 18.755 19.545 197.326 126.577 122.895 
296 -176 -0.352 -11.579 18.728 19.504 226.315 131.859 113.408 
297 -175 -0.350 -11.575 18.701 19.462 255.342 131.752 94.864 
298 -174 -0.348 -11.571 18.674 19.420 281.711 126.991 68.865 
299 -173 -0.346 -11.568 18.647 19.378 300.888 115.025 43.688 
300 -172 -0.344 -11.564 18.619 19.334 308.326 81.484 22.968 
301 -171 -0.342 -11.560 18.592 19.290 303.054 28.305 7.219 
302 -170 -0.340 -11.556 18.564 19.245 288.274 7.936 0.583 
303 -169 -0.338 -11.552 18.537 19.200 269.224 3.179 4.939 
304 -168 -0.336 -11.548 18.510 19.153 249.628 3.074 12.156 
305 -167 -0.334 -11.545 18.483 19.106 229.778 4.440 13.711 
306 -166 -0.332 -11.541 18.456 19.058 208.726 6.077 10.127 
307 -165 -0.330 -11.537 18.428 19.010 186.915 9.230 6.981 
308 -164 -0.328 -11.534 18.401 18.960 165.543 18.729 8.119 
309 -163 -0.326 -11.530 18.374 18.910 145.339 40.152 13.818 
310 -162 -0.324 -11.527 18.347 18.859 127.772 64.671 23.478 
311 -161 -0.322 -11.524 18.320 18.807 116.568 78.416 38.023 
312 -160 -0.320 -11.521 18.293 18.754 116.222 85.141 62.480 
313 -159 -0.318 -11.518 18.266 18.700 127.947 91.397 97.501 
314 -158 -0.316 -11.515 18.239 18.646 148.313 101.921 122.822 
315 -157 -0.314 -11.513 18.213 18.591 173.306 116.208 132.873 
316 -156 -0.312 -11.510 18.186 18.534 201.329 125.475 132.875 
317 -155 -0.310 -11.507 18.159 18.477 231.318 126.664 123.261 
318 -154 -0.308 -11.505 18.132 18.420 261.958 123.147 100.252 
319 -153 -0.306 -11.502 18.105 18.361 290.033 117.800 67.748 
320 -152 -0.304 -11.500 18.078 18.301 308.706 107.670 41.070 
321 -151 -0.302 -11.497 18.052 18.241 312.498 73.280 18.546 
322 -150 -0.300 -11.494 18.025 18.180 301.419 26.803 -4.357 
323 -149 -0.298 -11.491 17.999 18.118 280.752 11.780 -16.979 
324 -148 -0.296 -11.488 17.974 18.055 257.355 8.091 -13.380 
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325 -147 -0.294 -11.484 17.948 17.991 234.248 7.865 -2.129 
326 -146 -0.292 -11.480 17.923 17.927 210.889 8.806 6.904 
327 -145 -0.290 -11.477 17.898 17.863 187.083 10.338 11.005 
328 -144 -0.288 -11.472 17.874 17.797 164.106 14.658 13.018 
329 -143 -0.286 -11.468 17.850 17.732 143.750 27.944 16.551 
330 -142 -0.284 -11.463 17.826 17.665 127.666 55.122 23.089 
331 -141 -0.282 -11.459 17.803 17.598 117.410 77.213 32.748 
332 -140 -0.280 -11.453 17.780 17.531 115.089 84.646 47.431 
333 -139 -0.278 -11.448 17.757 17.463 123.322 87.675 73.817 
334 -138 -0.276 -11.442 17.735 17.395 142.324 95.420 108.274 
335 -137 -0.274 -11.436 17.713 17.326 168.287 111.370 127.467 
336 -136 -0.272 -11.430 17.691 17.257 196.931 125.864 130.527 
337 -135 -0.270 -11.423 17.670 17.187 225.590 132.119 122.846 
338 -134 -0.268 -11.416 17.648 17.117 252.949 132.888 106.418 
339 -133 -0.266 -11.409 17.627 17.045 277.952 130.596 81.706 
340 -132 -0.264 -11.402 17.606 16.974 297.271 121.537 51.450 
341 -131 -0.262 -11.394 17.585 16.902 305.596 57.778 22.552 
342 -130 -0.260 -11.385 17.565 16.829 300.726 1.693 1.618 
343 -129 -0.258 -11.377 17.545 16.755 286.038 0.017 -6.515 
344 -128 -0.256 -11.368 17.525 16.681 266.643 5.096 -2.478 
345 -127 -0.254 -11.358 17.505 16.606 245.494 8.560 4.445 
346 -126 -0.252 -11.349 17.486 16.530 222.735 8.613 7.038 
347 -125 -0.250 -11.339 17.467 16.454 198.443 6.890 5.679 
348 -124 -0.248 -11.329 17.449 16.377 174.662 6.939 4.226 
349 -123 -0.246 -11.319 17.430 16.299 153.559 14.863 6.626 
350 -122 -0.244 -11.308 17.412 16.221 135.895 40.045 14.896 
351 -121 -0.242 -11.298 17.394 16.142 122.388 69.670 31.241 
352 -120 -0.240 -11.287 17.376 16.063 114.307 83.020 56.208 
353 -119 -0.238 -11.277 17.358 15.983 112.339 85.776 76.841 
354 -118 -0.236 -11.266 17.341 15.902 116.609 80.354 83.355 
355 -117 -0.234 -11.256 17.323 15.821 127.296 65.413 76.487 
356 -116 -0.232 -11.246 17.306 15.740 144.459 47.938 61.277 
357 -115 -0.230 -11.236 17.288 15.658 168.249 41.519 50.654 
358 -114 -0.228 -11.226 17.271 15.575 198.213 49.520 51.630 
359 -113 -0.226 -11.216 17.253 15.492 230.978 68.269 60.118 
360 -112 -0.224 -11.207 17.236 15.409 260.871 82.574 62.534 
361 -111 -0.222 -11.198 17.219 15.325 282.592 77.855 50.382 
362 -110 -0.220 -11.190 17.202 15.241 291.637 45.855 27.309 
363 -109 -0.218 -11.181 17.185 15.156 286.242 15.568 4.037 
364 -108 -0.216 -11.174 17.168 15.072 270.161 6.853 -7.180 
365 -107 -0.214 -11.166 17.151 14.987 250.058 6.746 -5.300 
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366 -106 -0.212 -11.159 17.135 14.901 229.617 8.079 0.747 
367 -105 -0.210 -11.153 17.118 14.816 208.637 8.038 3.693 
368 -104 -0.208 -11.147 17.103 14.730 187.122 7.422 3.871 
369 -103 -0.206 -11.141 17.087 14.645 167.029 9.674 5.358 
370 -102 -0.204 -11.136 17.071 14.559 150.388 20.296 12.140 
371 -101 -0.202 -11.131 17.056 14.474 137.894 43.877 28.002 
372 -100 -0.200 -11.127 17.041 14.389 129.666 65.202 53.288 
373 -99 -0.198 -11.123 17.026 14.304 126.725 74.048 75.450 
374 -98 -0.196 -11.120 17.011 14.219 131.717 82.839 90.171 
375 -97 -0.194 -11.118 16.996 14.134 146.997 102.300 103.835 
376 -96 -0.192 -11.116 16.981 14.050 170.826 122.446 117.494 
377 -95 -0.190 -11.114 16.966 13.966 196.999 129.754 125.408 
378 -94 -0.188 -11.113 16.952 13.882 221.135 125.596 123.182 
379 -93 -0.186 -11.113 16.937 13.798 244.592 112.141 106.805 
380 -92 -0.184 -11.113 16.923 13.715 270.108 93.789 77.931 
381 -91 -0.182 -11.113 16.908 13.631 294.344 74.337 55.950 
382 -90 -0.180 -11.114 16.894 13.547 307.971 47.670 42.326 
383 -89 -0.178 -11.116 16.880 13.464 305.437 24.122 29.857 
384 -88 -0.176 -11.117 16.867 13.380 289.094 15.545 18.863 
385 -87 -0.174 -11.120 16.853 13.296 266.561 13.918 11.753 
386 -86 -0.172 -11.122 16.841 13.213 243.417 12.650 7.857 
387 -85 -0.170 -11.125 16.828 13.128 220.269 9.559 6.600 
388 -84 -0.168 -11.129 16.816 13.044 197.120 7.214 8.346 
389 -83 -0.166 -11.133 16.804 12.960 175.256 8.722 12.992 
390 -82 -0.164 -11.137 16.793 12.876 155.906 16.016 20.477 
391 -81 -0.162 -11.142 16.782 12.791 140.139 31.724 32.892 
392 -80 -0.160 -11.147 16.772 12.706 129.406 57.445 54.524 
393 -79 -0.158 -11.152 16.762 12.621 125.375 84.964 81.679 
394 -78 -0.156 -11.158 16.753 12.536 129.717 106.573 102.008 
395 -77 -0.154 -11.164 16.744 12.451 143.194 122.186 114.981 
396 -76 -0.152 -11.170 16.735 12.366 164.283 130.644 123.535 
397 -75 -0.150 -11.177 16.727 12.281 189.231 131.836 127.363 
398 -74 -0.148 -11.184 16.719 12.195 214.783 126.345 124.400 
399 -73 -0.146 -11.192 16.712 12.110 241.014 113.845 109.247 
400 -72 -0.144 -11.200 16.705 12.024 268.360 94.777 77.035 
401 -71 -0.142 -11.208 16.698 11.939 292.148 71.059 47.123 
402 -70 -0.140 -11.216 16.693 11.853 304.592 45.013 29.767 
403 -69 -0.138 -11.225 16.687 11.767 301.674 24.785 20.760 
404 -68 -0.136 -11.235 16.683 11.682 285.442 15.223 16.672 
405 -67 -0.134 -11.244 16.678 11.596 261.935 11.858 13.842 
406 -66 -0.132 -11.255 16.675 11.510 236.309 10.305 10.617 
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407 -65 -0.130 -11.266 16.672 11.425 210.154 9.344 8.363 
408 -64 -0.128 -11.277 16.669 11.340 184.151 9.696 8.809 
409 -63 -0.126 -11.289 16.667 11.255 160.376 13.189 12.020 
410 -62 -0.124 -11.302 16.666 11.170 141.793 23.594 18.452 
411 -61 -0.122 -11.315 16.665 11.086 130.323 46.740 32.510 
412 -60 -0.120 -11.329 16.665 11.003 125.994 77.804 61.345 
413 -59 -0.118 -11.344 16.664 10.919 128.299 102.682 93.855 
414 -58 -0.116 -11.360 16.665 10.837 137.933 121.473 114.439 
415 -57 -0.114 -11.377 16.665 10.754 155.973 133.534 128.198 
416 -56 -0.112 -11.394 16.666 10.673 180.867 137.607 136.126 
417 -55 -0.110 -11.412 16.667 10.592 208.296 134.791 136.514 
418 -54 -0.108 -11.430 16.668 10.512 235.922 125.912 128.238 
419 -53 -0.106 -11.450 16.669 10.432 264.639 111.396 107.071 
420 -52 -0.104 -11.470 16.671 10.353 292.731 92.174 73.621 
421 -51 -0.102 -11.490 16.672 10.274 311.784 67.943 46.833 
422 -50 -0.100 -11.511 16.674 10.197 314.343 42.360 30.586 
423 -49 -0.098 -11.532 16.676 10.120 301.104 26.815 20.778 
424 -48 -0.096 -11.554 16.678 10.043 278.445 20.325 15.807 
425 -47 -0.094 -11.577 16.680 9.968 252.697 17.486 13.083 
426 -46 -0.092 -11.599 16.682 9.893 226.281 15.190 10.762 
427 -45 -0.090 -11.623 16.685 9.819 199.809 13.253 9.413 
428 -44 -0.088 -11.646 16.687 9.746 174.667 14.866 10.759 
429 -43 -0.086 -11.670 16.690 9.673 152.704 26.356 17.022 
430 -42 -0.084 -11.694 16.693 9.601 135.534 56.073 32.874 
431 -41 -0.082 -11.719 16.696 9.530 124.528 88.042 64.873 
432 -40 -0.080 -11.744 16.699 9.460 120.899 103.131 98.488 
433 -39 -0.078 -11.770 16.702 9.391 126.117 111.698 117.802 
434 -38 -0.076 -11.796 16.705 9.322 141.641 122.577 129.550 
435 -37 -0.074 -11.822 16.709 9.254 166.598 133.916 136.553 
436 -36 -0.072 -11.849 16.713 9.187 196.602 138.542 137.370 
437 -35 -0.070 -11.876 16.717 9.121 227.324 134.528 129.451 
438 -34 -0.068 -11.903 16.721 9.055 257.844 121.216 108.250 
439 -33 -0.066 -11.931 16.725 8.990 287.325 100.262 78.430 
440 -32 -0.064 -11.959 16.730 8.926 309.890 79.750 56.487 
441 -31 -0.062 -11.988 16.735 8.863 318.333 61.613 42.643 
442 -30 -0.060 -12.017 16.741 8.800 311.944 40.624 33.469 
443 -29 -0.058 -12.047 16.747 8.738 295.209 22.794 28.154 
444 -28 -0.056 -12.077 16.754 8.677 272.497 14.615 25.221 
445 -27 -0.054 -12.107 16.761 8.616 247.001 12.273 22.630 
446 -26 -0.052 -12.138 16.768 8.556 220.303 12.085 19.704 
447 -25 -0.050 -12.169 16.776 8.497 193.017 13.271 17.597 
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448 -24 -0.048 -12.200 16.785 8.439 166.769 18.963 18.152 
449 -23 -0.046 -12.232 16.794 8.381 144.171 39.909 24.177 
450 -22 -0.044 -12.265 16.803 8.323 127.516 79.500 41.081 
451 -21 -0.042 -12.297 16.813 8.267 118.186 99.811 71.921 
452 -20 -0.040 -12.331 16.823 8.210 117.096 104.579 99.524 
453 -19 -0.038 -12.364 16.834 8.155 125.176 106.007 115.097 
454 -18 -0.036 -12.398 16.845 8.099 143.252 110.900 125.107 
455 -17 -0.034 -12.432 16.856 8.044 170.364 120.647 130.734 
456 -16 -0.032 -12.467 16.868 7.990 202.721 128.509 128.954 
457 -15 -0.030 -12.502 16.880 7.936 236.358 130.302 116.418 
458 -14 -0.028 -12.537 16.892 7.882 269.487 127.309 93.076 
459 -13 -0.026 -12.572 16.905 7.828 298.835 121.424 69.600 
460 -12 -0.024 -12.607 16.918 7.775 316.642 108.596 53.989 
461 -11 -0.022 -12.643 16.931 7.722 317.008 66.349 44.036 
462 -10 -0.020 -12.678 16.945 7.669 301.507 21.697 35.130 
463 -9 -0.018 -12.714 16.959 7.616 277.153 11.552 26.355 
464 -8 -0.016 -12.750 16.974 7.564 249.811 11.099 19.873 
465 -7 -0.014 -12.786 16.989 7.512 221.447 12.184 15.836 
466 -6 -0.012 -12.822 17.004 7.461 193.323 14.755 13.412 
467 -5 -0.010 -12.858 17.020 7.410 167.352 22.842 13.461 
468 -4 -0.008 -12.894 17.037 7.359 145.123 43.004 18.547 
469 -3 -0.006 -12.930 17.053 7.309 128.210 70.836 32.638 
470 -2 -0.004 -12.967 17.070 7.259 118.375 87.652 60.350 
471 -1 -0.002 -13.003 17.087 7.210 117.612 96.618 94.279 
472 0 0.000 -13.040 17.104 7.162 127.600 105.322 119.450 
473 1 0.002 -13.077 17.122 7.114 148.163 116.120 133.647 
474 2 0.004 -13.114 17.140 7.067 176.579 127.087 137.605 
475 3 0.006 -13.150 17.158 7.020 208.926 133.639 131.314 
476 4 0.008 -13.187 17.176 6.974 242.048 133.446 114.210 
477 5 0.010 -13.224 17.194 6.928 274.058 126.979 92.517 
478 6 0.012 -13.261 17.213 6.883 302.097 115.623 75.489 
479 7 0.014 -13.298 17.232 6.839 320.532 97.546 61.626 
480 8 0.016 -13.335 17.251 6.795 324.185 62.953 47.778 
481 9 0.018 -13.371 17.270 6.751 312.337 28.871 36.454 
482 10 0.020 -13.408 17.290 6.708 289.425 15.434 30.432 
483 11 0.022 -13.444 17.310 6.665 261.759 9.915 26.797 
484 12 0.024 -13.481 17.331 6.622 233.217 7.757 23.131 
485 13 0.026 -13.517 17.352 6.580 204.730 8.769 19.919 
486 14 0.028 -13.553 17.373 6.538 176.451 12.997 18.927 
487 15 0.030 -13.590 17.395 6.496 149.605 22.946 21.460 
488 16 0.032 -13.626 17.417 6.455 126.731 45.456 28.839 
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489 17 0.034 -13.662 17.440 6.414 110.519 73.586 44.088 
490 18 0.036 -13.698 17.463 6.374 103.455 89.165 70.048 
491 19 0.038 -13.735 17.486 6.334 107.831 97.505 99.951 
492 20 0.040 -13.771 17.509 6.294 124.620 105.603 121.688 
493 21 0.042 -13.807 17.533 6.254 151.446 116.202 132.589 
494 22 0.044 -13.843 17.557 6.214 182.475 126.743 134.118 
495 23 0.046 -13.879 17.581 6.175 213.256 132.238 126.263 
496 24 0.048 -13.915 17.605 6.136 243.384 131.891 108.453 
497 25 0.050 -13.951 17.629 6.097 273.120 127.071 85.810 
498 26 0.052 -13.986 17.654 6.057 298.439 117.723 63.542 
499 27 0.054 -14.021 17.679 6.018 312.204 97.192 42.845 
500 28 0.056 -14.056 17.704 5.979 309.945 49.740 30.974 
501 29 0.058 -14.090 17.729 5.940 292.494 15.124 29.316 
502 30 0.060 -14.124 17.755 5.901 266.362 6.222 29.618 
503 31 0.062 -14.158 17.781 5.861 239.114 6.236 26.045 
504 32 0.064 -14.191 17.807 5.822 213.479 9.735 19.850 
505 33 0.066 -14.224 17.833 5.783 188.561 16.720 14.479 
506 34 0.068 -14.256 17.860 5.743 163.839 30.660 12.221 
507 35 0.070 -14.287 17.887 5.704 140.788 52.314 14.431 
508 36 0.072 -14.318 17.914 5.664 122.229 71.610 22.397 
509 37 0.074 -14.349 17.941 5.625 112.022 84.771 39.835 
510 38 0.076 -14.378 17.969 5.586 113.720 94.430 73.354 
511 39 0.078 -14.407 17.996 5.546 126.964 101.419 107.667 
512 40 0.080 -14.436 18.024 5.507 147.485 106.290 123.755 
513 41 0.082 -14.463 18.051 5.468 172.224 110.988 127.266 
514 42 0.084 -14.490 18.079 5.429 200.509 117.609 121.820 
515 43 0.086 -14.516 18.106 5.390 231.576 124.060 107.541 
516 44 0.088 -14.542 18.134 5.351 263.611 127.039 87.796 
517 45 0.090 -14.566 18.161 5.312 292.465 124.630 67.633 
518 46 0.092 -14.590 18.189 5.273 311.593 108.794 48.402 
519 47 0.094 -14.613 18.217 5.235 315.504 48.596 36.503 
520 48 0.096 -14.635 18.245 5.196 302.750 11.129 35.006 
521 49 0.098 -14.656 18.273 5.158 278.576 4.401 34.546 
522 50 0.100 -14.676 18.301 5.119 251.078 4.435 29.649 
523 51 0.102 -14.696 18.329 5.081 224.177 5.926 22.266 
524 52 0.104 -14.714 18.358 5.044 198.836 8.605 15.296 
525 53 0.106 -14.732 18.386 5.006 174.694 15.211 11.372 
526 54 0.108 -14.748 18.415 4.969 151.150 30.651 12.012 
527 55 0.110 -14.764 18.444 4.932 129.569 54.570 17.797 
528 56 0.112 -14.780 18.473 4.895 113.990 73.961 31.361 
529 57 0.114 -14.794 18.502 4.859 108.556 85.951 61.248 
120 
 
530 58 0.116 -14.808 18.532 4.823 114.269 94.061 101.826 
531 59 0.118 -14.821 18.561 4.787 129.275 100.455 123.825 
532 60 0.120 -14.833 18.590 4.752 151.530 107.716 130.340 
533 61 0.122 -14.845 18.619 4.717 178.762 117.166 128.090 
534 62 0.124 -14.856 18.648 4.682 208.109 125.288 119.225 
535 63 0.126 -14.866 18.677 4.648 237.833 129.014 105.071 
536 64 0.128 -14.876 18.706 4.614 266.603 127.528 87.074 
537 65 0.130 -14.885 18.735 4.580 291.137 116.519 64.031 
538 66 0.132 -14.894 18.764 4.546 306.320 74.888 38.912 
539 67 0.134 -14.902 18.794 4.513 306.843 19.867 25.748 
540 68 0.136 -14.909 18.823 4.479 290.537 4.145 24.673 
541 69 0.138 -14.916 18.852 4.445 263.884 1.317 25.244 
542 70 0.140 -14.923 18.882 4.412 236.736 1.605 23.132 
543 71 0.142 -14.929 18.911 4.379 212.234 2.856 19.625 
544 72 0.144 -14.934 18.941 4.345 189.629 6.403 16.447 
545 73 0.146 -14.939 18.971 4.312 167.865 15.984 14.963 
546 74 0.148 -14.944 19.002 4.279 146.494 34.142 15.993 
547 75 0.150 -14.947 19.033 4.246 127.571 52.704 20.482 
548 76 0.152 -14.951 19.064 4.214 116.422 68.916 31.849 
549 77 0.154 -14.954 19.095 4.181 117.499 85.965 57.941 
550 78 0.156 -14.956 19.126 4.149 129.532 98.905 94.723 
551 79 0.158 -14.958 19.157 4.117 147.498 105.821 116.289 
552 80 0.160 -14.959 19.189 4.085 168.659 109.766 122.172 
553 81 0.162 -14.960 19.221 4.054 193.495 115.159 117.475 
554 82 0.164 -14.960 19.253 4.022 222.187 121.832 106.213 
555 83 0.166 -14.960 19.285 3.991 252.366 124.225 94.526 
556 84 0.168 -14.959 19.317 3.960 279.172 115.719 81.651 
557 85 0.170 -14.958 19.350 3.930 297.022 80.981 55.458 
558 86 0.172 -14.956 19.382 3.899 301.707 33.586 15.924 
559 87 0.174 -14.953 19.415 3.869 292.345 14.326 -7.647 
560 88 0.176 -14.949 19.449 3.838 273.471 8.325 -16.008 
561 89 0.178 -14.945 19.482 3.808 251.699 7.323 -14.604 
562 90 0.180 -14.940 19.516 3.779 229.957 7.678 -4.541 
563 91 0.182 -14.935 19.550 3.749 208.050 8.232 9.337 
564 92 0.184 -14.928 19.585 3.720 185.663 10.623 17.710 
565 93 0.186 -14.921 19.619 3.691 162.994 18.156 19.518 
566 94 0.188 -14.914 19.654 3.662 140.914 31.822 20.037 
567 95 0.190 -14.905 19.690 3.634 122.193 46.052 23.815 
568 96 0.192 -14.896 19.725 3.606 111.599 61.299 34.718 
569 97 0.194 -14.887 19.760 3.578 112.689 80.324 59.342 
570 98 0.196 -14.876 19.796 3.551 124.063 96.575 95.463 
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571 99 0.198 -14.866 19.831 3.525 141.154 106.059 117.623 
572 100 0.200 -14.854 19.867 3.499 161.737 111.147 122.786 
573 101 0.202 -14.842 19.903 3.474 186.524 116.307 117.290 
574 102 0.204 -14.829 19.938 3.449 215.406 122.362 106.429 
575 103 0.206 -14.816 19.974 3.424 245.607 124.388 96.430 
576 104 0.208 -14.802 20.010 3.400 272.161 117.299 85.581 
577 105 0.210 -14.787 20.046 3.377 289.456 90.375 56.586 
578 106 0.212 -14.772 20.082 3.354 294.221 41.635 9.192 
579 107 0.214 -14.757 20.118 3.332 286.359 14.667 -12.465 
580 108 0.216 -14.740 20.154 3.310 269.326 5.160 -16.902 
581 109 0.218 -14.724 20.190 3.289 249.120 2.703 -8.933 
582 110 0.220 -14.706 20.226 3.268 229.148 3.173 8.630 
583 111 0.222 -14.689 20.263 3.248 208.609 4.963 20.582 
584 112 0.224 -14.670 20.299 3.228 185.956 9.054 21.023 
585 113 0.226 -14.652 20.335 3.209 161.423 18.802 17.912 
586 114 0.228 -14.634 20.371 3.191 138.407 37.325 18.992 
587 115 0.230 -14.615 20.406 3.173 122.646 61.206 29.327 
588 116 0.232 -14.596 20.442 3.155 118.276 82.678 54.706 
589 117 0.234 -14.577 20.477 3.138 124.403 96.060 90.401 
590 118 0.236 -14.557 20.511 3.121 137.175 101.476 113.084 
591 119 0.238 -14.538 20.545 3.105 154.829 102.255 121.192 
592 120 0.240 -14.519 20.579 3.090 177.523 103.706 120.447 
593 121 0.242 -14.499 20.612 3.075 204.649 109.448 113.238 
594 122 0.244 -14.479 20.645 3.061 234.504 113.792 102.005 
595 123 0.246 -14.459 20.677 3.047 263.823 108.245 88.757 
596 124 0.248 -14.439 20.709 3.033 287.994 85.970 68.517 
597 125 0.250 -14.418 20.740 3.020 302.717 50.900 36.584 
598 126 0.252 -14.397 20.772 3.008 305.296 25.590 9.094 
599 127 0.254 -14.376 20.803 2.996 296.354 13.261 -4.511 
600 128 0.256 -14.354 20.834 2.985 279.801 8.692 -7.536 
601 129 0.258 -14.332 20.865 2.974 259.667 7.908 -1.698 
602 130 0.260 -14.309 20.896 2.964 238.188 8.636 10.090 
603 131 0.262 -14.286 20.926 2.954 216.469 10.774 20.505 
604 132 0.264 -14.263 20.957 2.945 194.323 15.153 23.622 
605 133 0.266 -14.239 20.988 2.937 170.711 22.303 20.851 
606 134 0.268 -14.215 21.018 2.929 146.556 30.724 18.651 
607 135 0.270 -14.190 21.049 2.921 126.214 39.758 22.089 
608 136 0.272 -14.165 21.079 2.915 115.057 54.649 34.201 
609 137 0.274 -14.140 21.109 2.909 116.260 76.118 59.842 
610 138 0.276 -14.114 21.139 2.903 128.509 93.969 94.934 
611 139 0.278 -14.088 21.169 2.898 147.168 103.891 117.583 
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612 140 0.280 -14.062 21.199 2.894 169.499 109.214 124.014 
613 141 0.282 -14.035 21.228 2.890 196.223 113.800 118.632 
614 142 0.284 -14.008 21.257 2.887 227.788 116.682 108.078 
615 143 0.286 -13.981 21.286 2.884 261.096 113.239 99.643 
616 144 0.288 -13.954 21.314 2.882 289.498 99.385 90.415 
617 145 0.290 -13.926 21.342 2.880 306.551 70.477 69.627 
618 146 0.292 -13.898 21.371 2.878 309.515 39.182 32.388 
619 147 0.294 -13.870 21.398 2.877 299.926 21.919 4.696 
620 148 0.296 -13.842 21.426 2.877 282.268 13.746 -5.149 
621 149 0.298 -13.813 21.454 2.877 261.457 10.351 -4.669 
622 150 0.300 -13.784 21.481 2.877 240.516 10.900 1.847 
623 151 0.302 -13.756 21.508 2.877 220.317 14.346 11.847 
624 152 0.304 -13.726 21.536 2.878 200.607 18.846 21.531 
625 153 0.306 -13.697 21.562 2.880 180.375 22.990 26.768 
626 154 0.308 -13.668 21.589 2.882 158.851 26.536 27.799 
627 155 0.310 -13.638 21.616 2.884 137.847 31.387 29.062 
628 156 0.312 -13.608 21.642 2.887 122.514 41.177 35.448 
629 157 0.314 -13.578 21.668 2.890 117.998 57.978 49.440 
630 158 0.316 -13.549 21.693 2.894 125.804 77.974 71.462 
631 159 0.318 -13.519 21.718 2.898 142.682 93.688 95.364 
632 160 0.320 -13.489 21.743 2.903 163.558 102.331 110.587 
633 161 0.322 -13.459 21.767 2.909 186.862 106.407 113.848 
634 162 0.324 -13.429 21.790 2.915 213.699 109.851 106.959 
635 163 0.326 -13.399 21.813 2.922 243.476 110.914 97.296 
636 164 0.328 -13.369 21.836 2.930 271.421 103.460 88.230 
637 165 0.330 -13.339 21.858 2.938 291.002 83.686 70.240 
638 166 0.332 -13.309 21.880 2.946 299.573 55.419 34.587 
639 167 0.334 -13.279 21.901 2.956 298.815 31.144 7.576 
640 168 0.336 -13.249 21.922 2.966 290.484 15.869 -0.449 
641 169 0.338 -13.219 21.942 2.976 275.335 7.742 0.553 
642 170 0.340 -13.189 21.962 2.987 255.820 4.933 5.039 
643 171 0.342 -13.160 21.982 2.999 235.378 6.302 12.575 
644 172 0.344 -13.131 22.001 3.012 215.823 10.643 24.666 
645 173 0.346 -13.101 22.020 3.025 197.056 16.868 36.581 
646 174 0.348 -13.073 22.038 3.039 177.962 24.399 39.632 
647 175 0.350 -13.044 22.055 3.053 158.328 31.970 35.444 
648 176 0.352 -13.016 22.072 3.068 140.834 38.284 32.546 
649 177 0.354 -12.988 22.088 3.084 130.139 45.767 37.618 
650 178 0.356 -12.960 22.102 3.101 129.692 59.179 54.906 
651 179 0.358 -12.933 22.116 3.118 139.380 79.490 81.413 
652 180 0.360 -12.906 22.129 3.136 156.131 98.055 102.862 
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653 181 0.362 -12.880 22.140 3.154 176.840 109.293 113.321 
654 182 0.364 -12.854 22.151 3.173 200.238 115.739 113.890 
655 183 0.366 -12.828 22.160 3.193 225.759 118.559 107.061 
656 184 0.368 -12.803 22.168 3.214 251.502 115.564 99.034 
657 185 0.370 -12.779 22.174 3.235 274.136 101.826 91.257 
658 186 0.372 -12.755 22.180 3.257 290.232 70.627 77.755 
659 187 0.374 -12.732 22.184 3.279 297.567 37.698 55.771 
660 188 0.376 -12.709 22.187 3.302 295.766 21.070 32.173 
661 189 0.378 -12.687 22.189 3.326 287.035 13.167 14.964 
662 190 0.380 -12.665 22.190 3.350 274.611 7.638 6.966 
663 191 0.382 -12.644 22.189 3.375 260.528 2.543 6.217 
664 192 0.384 -12.624 22.188 3.400 246.061 -1.241 8.411 
665 193 0.386 -12.604 22.185 3.427 231.872 -0.895 12.966 
666 194 0.388 -12.585 22.181 3.454 217.691 6.965 22.671 
667 195 0.390 -12.566 22.176 3.481 202.179 19.770 35.784 
668 196 0.392 -12.548 22.170 3.509 183.993 27.797 42.297 
669 197 0.394 -12.531 22.162 3.538 163.906 30.522 38.875 
670 198 0.396 -12.515 22.153 3.568 145.745 34.695 33.405 
671 199 0.398 -12.499 22.143 3.598 134.560 43.884 35.516 
672 200 0.400 -12.483 22.132 3.629 133.006 58.327 51.377 
673 201 0.402 -12.469 22.119 3.661 140.050 76.816 79.012 
674 202 0.404 -12.455 22.104 3.694 152.674 93.231 99.200 
675 203 0.406 -12.441 22.088 3.727 168.967 102.197 105.265 
676 204 0.408 -12.429 22.071 3.761 189.219 106.905 102.007 
677 205 0.410 -12.417 22.052 3.795 213.666 110.493 95.562 
678 206 0.412 -12.405 22.031 3.831 239.768 110.423 91.455 
679 207 0.414 -12.394 22.009 3.867 263.583 100.423 87.526 
680 208 0.416 -12.383 21.986 3.904 282.306 71.763 75.840 
681 209 0.418 -12.374 21.961 3.941 294.077 38.121 54.225 
682 210 0.420 -12.364 21.935 3.980 297.959 22.722 34.110 
683 211 0.422 -12.355 21.908 4.019 294.397 17.261 21.811 
684 212 0.424 -12.346 21.880 4.058 284.900 13.957 15.094 
685 213 0.426 -12.338 21.850 4.098 272.080 10.251 12.501 
686 214 0.428 -12.330 21.820 4.139 258.722 5.674 13.177 
687 215 0.430 -12.323 21.788 4.181 245.847 0.298 15.814 
688 216 0.432 -12.316 21.756 4.223 232.837 -4.504 19.508 
689 217 0.434 -12.310 21.723 4.266 219.047 -5.648 24.415 
690 218 0.436 -12.304 21.688 4.310 204.310 -0.435 30.990 
691 219 0.438 -12.298 21.653 4.354 188.170 9.092 37.232 
692 220 0.440 -12.293 21.617 4.399 170.419 16.955 38.577 
693 221 0.442 -12.288 21.579 4.445 153.029 22.305 36.995 
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694 222 0.444 -12.283 21.541 4.491 140.480 30.025 41.769 
695 223 0.446 -12.279 21.501 4.538 136.681 45.553 58.451 
696 224 0.448 -12.276 21.460 4.586 141.504 68.740 80.702 
697 225 0.450 -12.273 21.418 4.635 152.182 89.942 95.958 
698 226 0.452 -12.270 21.375 4.684 167.590 103.843 103.714 
699 227 0.454 -12.267 21.331 4.734 188.665 112.270 108.976 
700 228 0.456 -12.265 21.286 4.785 215.187 116.034 114.603 
701 229 0.458 -12.263 21.239 4.836 243.186 113.364 117.629 
702 230 0.460 -12.262 21.192 4.889 266.802 99.996 111.356 
703 231 0.462 -12.260 21.143 4.942 283.182 70.879 89.152 
704 232 0.464 -12.259 21.093 4.996 292.946 40.148 55.174 
705 233 0.466 -12.259 21.043 5.051 296.608 22.267 30.050 
706 234 0.468 -12.258 20.991 5.107 292.326 10.973 16.972 
707 235 0.470 -12.258 20.939 5.163 278.825 2.389 11.802 
708 236 0.472 -12.258 20.886 5.221 259.758 -3.724 11.336 
709 237 0.474 -12.259 20.832 5.279 240.215 -7.536 12.497 
710 238 0.476 -12.259 20.778 5.339 221.662 -8.792 14.735 
711 239 0.478 -12.260 20.723 5.399 203.212 -5.858 20.191 
712 240 0.480 -12.262 20.667 5.461 183.488 1.344 28.685 
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Appendix D: Raw Static Test Data 
Dorsal      Ventral     
Wing Set 
 Effective 
Beam Length  
Deflection 
(mm) 
F(g) 
Left 
F(g) 
Right 
Wing 
Set 
 Effective 
Beam Length  
Deflection 
(mm) 
F(g) 
Left 
F(g) 
Right 
CS 40% 0.5 4.64 3.66 CS2 40% 0.5 5.04 4.38 
  40% 1 8.9 7.17   40% 1 10.16 8.85 
  70% 0.5 0.74 0.63   70% 0.5 0.91 0.63 
  70% 1 1.45 1.16   70% 1 1.67 1.33 
  70% 1.5 2.17 1.79   70% 1.5 2.44 1.99 
  70% 2 2.9 2.4   70% 2 3.26 2.71 
  70% 2.5 3.56 3.05   70% 2.5 4.18 3.41 
SP 70% 0.5 3.88 3.34 SP 70% 0.5 3.65 3.56 
  70% 1 7.69 6.61   70% 1 6.81 6.63 
  70% 1.5 11.61 9.84   70% 1.5 10.39 10.24 
  70% 2 15.36 13.02   70% 2 13.19 12.66 
  70% 2.5 19.2 16.29   70% 2.5 15.11 14.27 
FL 70% 0.5 3.6 3.22 FL 70% 0.5 3.34 3.77 
  70% 1 6.83 6.24   70% 1 6.64 6.51 
  70% 1.5 10.03 8.92   70% 1.5 9.98 8.85 
  70% 2 13.26 11.38   70% 2 13.2 10.92 
  70% 2.5 16.7 14.11   70% 2.5 16.45 13.05 
CFM 70% 0.5 5.81 7.65           
  70% 1 11.6 15.08           
  70% 1.5 17.29 22.62           
  70% 2 22.78 29.82           
  70% 2.5 28.36 37.03           
DBL 70% 0.5 3.99 3.97           
  70% 1 8.15 7.82           
  70% 1.5 12.18 11.52           
  70% 2 16.06 15.18           
  70% 2.5 19.75 18.95           
2:1FL 70% 0.5 0.78 0.68           
  70% 1 1.59 1.26           
  70% 1.5 2.41 1.88           
  70% 2 3.21 2.44           
  70% 2.5 4.09 3.01           
  70% 3 5.01 3.61           
  70% 3.5 5.94 4.3           
2:1CFMFL 70% 0.5 3.2 4.22           
  70% 1 6.39 8.36           
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  70% 1.5 9.93 12.31           
  70% 2 13.15 15.77           
  70% 2.5 16.58 19           
  70% 3 19.9 22.43           
  70% 3.5 23.24 25.59           
R1 40% 0.5 2.13 1.71 R1 40% 0.5 1.67 1.85 
  40% 1 3.82 3.17   40% 1 4.42 3.7 
  70% 0.5 0.24 0.13   70% 0.5 0.23 0.13 
  70% 1 0.45 0.33   70% 1 0.62 0.4 
  70% 1.5 0.71 0.57   70% 1.5 1 0.71 
  70% 2 0.93 0.82   70% 2 1.47 0.98 
  70% 2.5 1.18 0.97   70% 2.5 2.06 1.37 
R2 40% 0.5 0.65 0.9 R2 40% 0.5 0.97 0.98 
  40% 1 1.23 1.52   40% 1 2.08 2.33 
  70% 0.5 0.11 0.13   70% 0.5 0.09 0.13 
  70% 1 0.23 0.26   70% 1 0.35 0.31 
  70% 1.5 0.38 0.4   70% 1.5 0.53 0.48 
  70% 2 0.5 0.54   70% 2 0.64 0.7 
  70% 2.5 0.58 0.6   70% 2.5 0.73 0.88 
R3 40% 0.5 0.97 1.46 R3 40% 0.5 1.32 1.97 
  40% 1 1.67 2.38   40% 1 2.93 3.78 
  70% 0.5 0.18 0.2   70% 0.5 0.11 0.28 
  70% 1 0.38 0.44   70% 1 0.36 0.56 
  70% 1.5 0.57 0.62   70% 1.5 0.68 0.89 
  70% 2 0.7 0.81   70% 2 0.89 1.24 
  70% 2.5 0.83 0.89   70% 2.5 1.22 1.65 
R4 40% 0.5 0.69 0.79 R4 40% 0.5 1.16 1.07 
  40% 1 1.38 1.26   40% 1 2.51 2.22 
  70% 0.5 0.11 0.09   70% 0.5 0.16 0.1 
  70% 1 0.18 0.18   70% 1 0.33 0.28 
  70% 1.5 0.27 0.26   70% 1.5 0.57 0.49 
  70% 2 0.41 0.37   70% 2 0.83 0.74 
  70% 2.5 0.48 0.44   70% 2.5 1.07 0.91 
R5 40% 0.5 0.63 0.7 R5 40% 0.5 0.74 1.13 
  40% 1 1.26 1.51   40% 1 1.51 2.02 
  70% 0.5 N/A N/A   70% 0.5 0.07 N/A 
  70% 1 0.14 0.09   70% 1 0.23 0.21 
  70% 1.5 0.28 0.24   70% 1.5 0.36 0.39 
  70% 2 0.36 0.33   70% 2 0.47 0.46 
  70% 2.5 0.47 0.45   70% 2.5 0.65 0.57 
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Appendix E: Raw Dynamic Test Data 
CS 
Left Right Both 
            
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
10 0.06 7 0 9 0 
19 0.25 16 0.09 16 0.19 
24 0.48 22 0.38 21 0.54 
28 0.77 27 0.68 25 0.97 
        29 1.6 
FL 
Left Right Both 
            
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
10 0 10 0 9 0 
19 0.1 17 0.08 16 0.17 
25 0.19 23 0.41 21 0.36 
29 0.36 26 0.63 25 0.7 
        29 1.31 
DBL 
Left Right Both 
            
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
11 0 8 0 10 0 
18 0 16 0 15 0 
25 0 22 0 21 0 
29 0.12 25 0 24 0 
    29 0 28 0.19 
SP 
Left Right Both 
            
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
10 0 8 0 10 0 
19 0 16 0 16 0 
25 0.12 22 0.15 22 0.26 
29 0.29 27 0.27 25 0.36 
128 
 
        29 0.75 
CFM 
Left Right Both 
            
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
13 0 11 0 9 0 
18 0 17 0 15 0 
23 0.13 23 0 20 0 
27 0.21 26 0.12 23 0.15 
        26 0.36 
R1 
Left   Right   Both   
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
8 0 7 0 7 0 
18 0.11 17 0.09 16 0.09 
25 0.39 25 0.33 22 0.38 
        27 0.83 
R2 
Left   Right   Both   
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
7 0.03 8 0.04 7 0.04 
18 0.26 18 0.36 16 0.4 
26 0.63 25 0.68 23 0.86 
        29 1.49 
R3 
Left   Right   Both   
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
8 0.02 7 0.02 6 0 
18 0.33 17 0.24 15 0.31 
25 0.76 24 0.62 22 0.93 
        27 1.5 
R4 
Left   Right   Both   
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
7 0 9 0.05 8 0.02 
18 0.19 18 0.33 16 0.29 
25 0.48 25 0.52 23 0.74 
129 
 
        29 1.13 
R5 
Left   Right   Both   
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
Frequency 
(Hz) 
Lift 
(g) 
8 0 9 0.01 8 0.02 
18 0.22 19 0.2 17 0.28 
25 0.49 25 0.48 24 0.87 
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